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Abstract 
Since the outbreak of the economic crisis in 2009 and the explosion of the 
nuclear power plant in Japan in 2011, the price and needs of fossil fuel have 
gradually decreased, and environmental problems, e.g. greenhouse gas, 
have directed the world’s attention to other energy resources, so-called green 
energy. However, not only are oil reserves many in the world, but also a boom 
of shale gas, which the US has triggered, plays an important role in developing 
relevant technologies and has the possibility of making tectonic shifts in 
energy initiative. Moreover, although many kinds of electric cars have been 
released by major companies, a massive number of vehicles are still equipped 
with internal combustion engines, and power plants involving the combustion 
of fossil fuels are also used to produce electricity. It is certain that the 
technologies relevant to the combustion of fossil fuels are still essential and 
should exist for a fairly long time. The ultimate goal of combustion research is 
enhancing the understanding of the mechanism of combustion, fuel efficiency, 
and so forth, of which practical results end up helping us control combustion 
process safely and efficiently. Among such research subjects, the 
measurement of burning velocities about laminar and turbulent flames have 
been studied and discussed in the last decades. Regrettably, there is still 
doubt on how a variety of factors affect the burning rate. Especially, cellular 
flame structures that appear in a certain condition require more considerable 
observation and research to investigate their characteristics. 
The aim of this research is to examine the characteristics of cellular flame. In 
order to observe the flame, LUPOE-2D, Leeds University Ported Optical 
Engine version 2 with Disc-head, was used and an optical-accessible engine. 
In order to measure flame propagation speed, unburned gas velocity, burning 
velocity, and others, the research engine was modified, and the appropriate 
diagnostic system was installed. Hydrogen, methane, and propane were 
employed as fuels in this research. In the case of hydrogen, many researchers 
and major companies have paid much attention to it as a clean energy source 
to alleviate the global warming. And methane and propane have been widely 
used in the industrial fields. Using these three fuels, the experiment was 
carried out, and it was investigated how their cellular flames were locally 
changed. 
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Chapter 1 Introduction and scope of research 
1.1 Research motivation 
As the world population has been increased and the quality of people’s lives 
has been improved, a demand for energy has been increased continuously, 
with the relevant technologies advanced. It is predicted that the usage of 
energy will increase by 35 % in the next 20 years (Mobil 2013). According to 
Mobil’s report (2013), the usage of electricity will continue to rise and be the 
main reason for the increasing demand for energy. In order to meet the 
increasing demand for energy, the usage of natural gas will gradually increase 
from 16 to 29 %, whereas the usage of coal will decrease from 46 to 32 %. 
Additionally, the proportion of renewable energy such as solar energy, 
geothermal energy, and so forth, will increase, with environmental problems 
receiving more attention. 
Since the use of fossil fuels causes various environmental problems such as 
global warming and air pollutant emissions, the proportion of fossil fuels in 
energy production will gradually be reduced. Although it is true that the usage 
of renewable energy will increase to mitigate environmental problems, fossil 
fuels will still be used for the production of the future energy for a fairly long 
time (EEA 2008, Birol 2010). The main issues are how to reduce the amount 
of air pollutant emissions and how to improve the efficiency of combustors in 
which fossil fuels are used. 
In order to solve the challenging problems, it is essential to enhance the 
understanding of a combustion process, and the relevant researches have 
been carried out for many years. Among the various researches, the studies 
of laminar and turbulent flames have been important topics, and many 
researchers have made significant efforts to investigate the characteristics of 
the flames. Flame stability has also been thought of as an important subject 
in combustion research. Initially stable flame can become unstable because 
of the imbalance between flame propagation speed and unburned mixture 
flow velocity or the imbalance between the molecular diffusivity of an 
unburned mixture and the thermal diffusivity of the burned product: they are 
named hydrodynamic instability and molecular-thermal diffusive instability 
respectively. Unstable flame appears as a cellular structure, and it has been 
thought that the instability of a flame surface can make the flame turbulent 
and improve the flame propagation speed (Groff 1982, Hertzberg 1989). 
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The measurement of the laminar burning velocity, which is defined for an 
unstrained and steady laminar flame, has been one of the most important 
topics. The laminar burning velocity is the unique characteristic of a 
combustible mixture. It has been used for laminar and turbulent combustion 
modelling and to validate the relevant chemical mechanisms. For these 
reasons, many researchers have measured the laminar burning velocity. 
However, most of the laminar burning velocities have been measured as an 
average value, which is almost impossible to give the information on the local 
change of the burning velocity (Andrews and Bradley 1972, Rallis and 
Garforth 1980). Although the local and instantaneous burning velocity of 
propagating flame has been measured (Zhou and Garner 1996, Balusamy et 
al. 2011), there have been the very few measurements of the burning velocity 
under the occurrence of cellular flame structures. 
The current research concentrated on measuring flame propagation speed, 
the velocity of unburned gas at a flame front, and burning velocity where 
cellular flame appeared. Hydrogen, methane, and propane were used as fuels 
in this experiment. This is because hydrogen receives attention as a clean 
energy source to alleviate the global warming and methane and propane are 
widely used in the industrial fields. The appropriate research engine and 
particle image velocimetry system were adopted for the measurements of 
flame propagation speed, unburned gas velocity, and burning velocity. Using 
the experimental apparatus, the characteristics of cellular flame were 
investigated. 
 
 
1.2 Scope of research 
The aim of this research is to analyse the local and instantaneous change of 
a cellular flame structure as the flame develops. The change of a flame 
structure is accompanied by the variations of the flame propagation speed, 
unburned gas velocity, and burning velocity. In order to measure the speed 
and velocities, an appropriate experimental apparatus is required. 
The first objective of the current work was to develop the relevant 
experimental equipment. LUPOE-2D, Leeds University Ported Optical Engine 
version 2 with Disc-head, was employed in this research. LUPOE-2D has 
been used by the Leeds combustion research group (Dawood 2011, Hussin 
2012, Chen 2016). For this research, the engine was modified by the author. 
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The LUPOE-2D used in the current work consists of a single cylinder, and is 
a two stroke engine. It is ignited by spark and supplied with hydrogen, 
methane, and propane separately. The engine speed ranges between 10 and 
200, and is controlled easily. Since top and side quartz windows are installed 
in the cylinder head of the research engine, it is possible to observe the 
combustion process inside the cylinder. To visualize the flow of a combustible 
mixture, the appropriate PIV, particle image velocimetry, system was installed. 
In order to measure local flame propagation speed, it was necessary to obtain 
a flame contour image from the raw PIV flame image. Since the intensities of 
pixels of a flame image that was obtained through the PIV technique were 
fluctuated, appropriate image processing was needed to gain a desirable 
flame contour image. Hence, the proper image processing algorithms were 
configured, and the code of the appropriate image binarization was developed. 
For the measurement of local unburned gas velocity at the flame front, the 
proper code was also developed. Since seeding particles in the PIV system 
are burned at the flame front, it is difficult to measure the unburned gas 
velocity at that region directly. Therefore, the unburned gas velocity at the 
flame front was calculated by extrapolation. The data of unburned gas velocity 
ahead of the flame front were used for the extrapolation. Through the 
measurement of flame propagation speed and unburned gas velocity at each 
point of the flame front, local burning velocity was calculated. 
Lastly, the correlation between the change of an unburned gas flow and a 
flame structure was investigated. After the vorticity data of unburned gas 
ahead of the flame front were obtained, it was examined how a cellular 
structure was changed. The change of vorticity data of unburned gas was 
represented as a histogram, and the variation of a flame structure was 
expressed as wavenumber: the wavenumber was calculated with the 
curvature of a flame surface. 
 
 
1.3 Thesis outline 
This thesis is comprised of six chapters. Each chapter is described briefly as 
follows: 
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 Chapter 1 explains the motivation and scope of this research, and then 
outlines this thesis. 
 
 Chapter 2 describes the fundamental concepts and notions of laminar 
and turbulent flames which are relevant to this research. The theory of 
laminar premixed flame is reviewed, and then the flame instabilities is 
illustrated. After describing the condition where a cellular structure 
appears, the theory of turbulent premixed flame is explained. 
 
 Chapter 3 presents the detailed description of the experimental 
equipment that was used in this research. The geometric specification 
of the LUPOE-2D is described, and the fuel and air supply system are 
illustrated. The PIV and imaging system that was used to visualize the 
flow of a combustible mixture is explained in detail. And then the 
description of the engine control and data acquisition system is given, 
and the experimental procedure is mentioned. 
 
 Chapter 4 describes the procedure of image processing and the 
methodology for analysis. The image processing consists of image pre-
processing and image binarization. And then, it is explained in detail 
how to measure and calculate flame propagation speed, unburned gas 
velocity, burning velocities, and other relevant derivatives. 
 
 Chapter 5 presents the experimental results of cellular flames which 
were obtained by the experimental equipment. After explaining the 
experimental condition, the results of hydrogen-, methane-, propane-
air mixture are presented. In each mixture, three representative 
sections were chosen: they are a convex, concave, smoothly-curved 
section respectively. In each section, it is explained how flame 
propagation speed, unburned gas velocity, and burning velocity are 
locally changed with respect to time. The relationship between flame 
propagation speed and wavenumber is also investigated. Lastly, the 
relationship between local mean wavenumber and unburned gas 
vorticity is examined. 
 
 Chapter 6 summarizes the findings of this research, and presents the 
recommendations for the future study. 
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Chapter 2 Background to premixed flame 
 
In this chapter, laminar premixed flame is first described. In order to 
investigate the premixed flame, its theoretical background is introduced, and 
then, the factors in having the main influence on the unperturbed laminar 
premixed flame speed are explained. Going beyond the assumptions that are 
used to derive the equation of the laminar premixed flame speed, the reasons 
why flame is disturbed or perturbed are mentioned, introducing hydrodynamic 
and molecular-thermal diffusive instability. While flame develops, the 
conditions where the cellular flame occurs are illustrated. After that, how much 
effect the pressure, temperature, and mixture composition in combustion 
process have on the disturbance of the flame is mentioned. Lastly, the 
theoretical background of turbulent premixed flame and main factors in 
affecting it are introduced. 
 
2.1 Laminar premixed flame 
Before the combustion process, when fuel and oxidizer are perfectly well 
mixed, the combustion takes place within a self-sustained propagating flame 
wave, and the speed is constant under a certain condition (Burluka 2014). 
One of the most important and fundamental notions in combustion theory is 
unperturbed laminar premixed flame speed or normal flame speed, 𝑢𝑢𝑑𝑑. The 
flame speed is an idealized model, and, in reality, a practical laminar premixed 
flame is always perturbed owing to heat losses, flame curvature, and so forth. 
It is certain that the speed of a practical flame is different from that of the 
unperturbed laminar premixed flame. However, since the difference between 
the unperturbed laminar premixed speed and practical one is not too large, it 
is obvious that a study on the normal flame speed is the key physical-chemical 
characteristic of a combustible mixture. 
In order to derive the equation of the unperturbed laminar premixed speed in 
a planar flame, the following assumptions are required: 
 
- The fuel and oxidant are perfectly mixed before the start of combustion 
process and the combustible mixture occupies an unburned space. 
 
 - 6 - 
 
- The density of the fuel-oxidant mixture, 𝜌𝜌, is constant, that is, there is 
no motion that is induced by the thermal expansion. 
 
- Combustion wave is planar and one dimensional. 𝑥𝑥 is the location and 
direction of the flame propagation. 
 
- The molecular mass diffusivities for fuel and oxidant and the thermal 
diffusivity are equal, 𝐷𝐷𝐹𝐹 = 𝐷𝐷𝑜𝑜𝑜𝑜 = 𝜅𝜅 . They are not dependent on 
temperature. 
 
- The molecular transport is described with Fourier and Fick’s laws. 
 
- Chemical reactions occur in one step and are irreversible. The fuel is 
the deficient reactant. 
 
Under the assumptions above, the transport equations for temperature 𝑇𝑇 and 
concentration 𝑌𝑌𝐹𝐹 can be written as: 
 
𝜌𝜌𝑐𝑐𝑝𝑝
𝜕𝜕𝑇𝑇
𝜕𝜕𝑡𝑡
+ 𝜌𝜌𝑢𝑢𝑐𝑐𝑝𝑝 𝜕𝜕𝑇𝑇𝜕𝜕𝑥𝑥 = 𝜌𝜌𝑐𝑐𝑝𝑝𝜅𝜅 𝜕𝜕2𝑇𝑇𝜕𝜕𝑥𝑥2 + 𝜌𝜌𝜌𝜌𝜌𝜌 Eq. (2.1) 
 
𝜕𝜕𝑌𝑌𝐹𝐹
𝜕𝜕𝑡𝑡
+ 𝜌𝜌𝑢𝑢 𝜕𝜕𝑌𝑌𝐹𝐹
𝜕𝜕𝑥𝑥
 = 𝜌𝜌𝐷𝐷𝐹𝐹 𝜕𝜕2𝑌𝑌𝐹𝐹𝜕𝜕𝑥𝑥2 + 𝜌𝜌𝜈𝜈𝜌𝜌 Eq. (2.2) 
𝜌𝜌: density 𝑐𝑐𝑝𝑝: specific heat of product 𝑇𝑇: temperature 
𝑡𝑡: time of flame 𝑢𝑢: unburned gas velocity 𝑥𝑥: position of flame 
𝜅𝜅: molecular mass or thermal diffusivity 𝜌𝜌: reaction rate 
𝜌𝜌: heat released by chemical reaction  
𝑌𝑌𝐹𝐹: mass fraction of fuel 𝐷𝐷𝐹𝐹: fuel molecular mass diffusivity 
𝜈𝜈: source of mass fraction  
 
And the followings are their boundary conditions: 
 
𝑇𝑇(−∞) = 𝑇𝑇𝑎𝑎𝑑𝑑,                             𝑇𝑇(∞) = 𝑇𝑇0 Eq. (2.3) 
 
𝑌𝑌𝐹𝐹(−∞) = 0,                              𝑌𝑌𝐹𝐹(∞) = 𝑌𝑌𝐹𝐹0 Eq. (2.4) 
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∂𝑇𝑇
∂𝑥𝑥
(−∞) = 0,                            ∂𝑇𝑇
∂𝑥𝑥
(∞) = 0 Eq. (2.5) 
 
∂𝑌𝑌𝐹𝐹
∂𝑥𝑥
(−∞) = 0,                          ∂𝑌𝑌𝐹𝐹
∂𝑥𝑥
(∞) = 0 Eq. (2.6) 
 
𝑇𝑇(𝑥𝑥, 𝑡𝑡) − 𝑇𝑇(∞)
𝑇𝑇(−∞) − 𝑇𝑇(∞) = 𝑌𝑌𝐹𝐹(∞) − 𝑌𝑌𝐹𝐹(𝑥𝑥, 𝑡𝑡)𝑌𝑌𝐹𝐹(∞) − 𝑌𝑌𝐹𝐹(−∞) Eq. (2.7) 
𝑇𝑇: temperature 𝑇𝑇𝑎𝑎𝑑𝑑: 𝑇𝑇 at the end of combustion 
𝑇𝑇0: 𝑇𝑇 at the start of combustion 𝑌𝑌𝐹𝐹: mass fraction of fuel 
𝑌𝑌𝐹𝐹
0: 𝑌𝑌𝐹𝐹 at the start of combustion  
 
In the equations of the boundary conditions, while ∞ means the position and 
time before the start of the combustion, −∞ refers to those after the end of 
combustion. Eq. (2.1) and Eq. (2.2) are similar, and the results are also 
analogous. 
Where the progress variable, 𝑐𝑐(𝑥𝑥, 𝑡𝑡), which is dependent on the position 𝑥𝑥 and 
time 𝑡𝑡 of flame, is introduced, the simple sketch of a premixed planar laminar 
flame may be drawn as Figure 2.1. 
 
 
Figure 2.1 A simple sketch of planar laminar unperturbed flame (Burluka 
2014) 
 
As is common in combustion model, Eq. (2.1) and (2.2) can be expressed 
below, using the progress variable 𝑐𝑐(𝑥𝑥, 𝑡𝑡): 
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𝜕𝜕𝑐𝑐(𝑥𝑥, 𝑡𝑡)
𝜕𝜕𝑡𝑡
+ 𝑢𝑢�⃗ 𝜕𝜕𝑐𝑐(𝑥𝑥, 𝑡𝑡)
𝜕𝜕𝑥𝑥
= 𝜅𝜅 𝜕𝜕2𝑐𝑐(𝑥𝑥, 𝑡𝑡)
𝜕𝜕𝑥𝑥2
+ 𝜌𝜌(𝑐𝑐(𝑥𝑥, 𝑡𝑡)) Eq. (2.8) 
𝑐𝑐: progress variable 𝑥𝑥: position of flame 𝑡𝑡: time of flame 
𝑢𝑢�⃗ : unburned gas velocity in one dimension  
𝜅𝜅: molecular mass or thermal diffusivity 𝜌𝜌: reaction rate 
 
The solution of Eq. (2.8) describes the progress of combustion that depends 
on the location and time, which represents the structure of planar laminar 
unperturbed flame. By introducing the new variable, ζ, to use the coordinate 
framework attached to a flame, the number of parameters for the progress 
variable 𝑐𝑐(𝑥𝑥, 𝑡𝑡) can be reduced, which means that the flame profile does not 
depend on time any more. The following equation represents the relation 
between ζ, 𝑥𝑥, and 𝑡𝑡. 
 
ζ = 𝑥𝑥 − 𝑢𝑢𝑑𝑑𝑡𝑡 Eq. (2.9) 
ζ: new variable 𝑥𝑥: position of flame 𝑢𝑢𝑑𝑑: burning velocity 
𝑡𝑡: time of flame  
 
Therefore, Eq. (2.8) can be re-written as follows: 
 
−𝑢𝑢𝑑𝑑
𝑑𝑑𝑐𝑐(𝜁𝜁)
𝑑𝑑𝜁𝜁
= 𝜅𝜅 𝑑𝑑2𝑐𝑐(𝜁𝜁)
𝑑𝑑𝜁𝜁2
+ 𝜌𝜌(𝑐𝑐(𝜁𝜁)) Eq. (2.10) 
𝑢𝑢𝑑𝑑: burning velocity 𝑐𝑐: progress variable ζ: new variable 
𝜅𝜅: molecular mass or thermal diffusivity 𝜌𝜌: reaction rate 
 
Since the chemical source term, 𝜌𝜌(𝑐𝑐(ζ)), is non-linear, it is impossible to 
integrate Eq. (2.10) directly. However, it is possible to estimate the value of 
the unperturbed laminar premixed flame speed 𝑢𝑢𝑑𝑑  through the practical 
approach.  
As seen in Figure 2.1, the flame can generally be separated into the two 
regions. One of them is referred to as the pre-heat zone, and the other is the 
reaction zone (Irvin and Richard 2008). The reaction zone, including the 
luminous zone that we can see, is relatively very thin in real flame, whereas 
the pre-heat zone is thicker than it. Depending on the zone, the term which 
mainly affects the transport equation should selectively be considered. In Eq. 
(2.10), −𝑢𝑢𝑑𝑑
𝑑𝑑𝑑𝑑(𝜁𝜁)
𝑑𝑑𝜁𝜁
, 𝜅𝜅 𝑑𝑑
2𝑑𝑑(𝜁𝜁)
𝑑𝑑𝜁𝜁2
, and 𝜌𝜌(𝑐𝑐(𝜁𝜁)) represents the convection, diffusion, 
and chemical term respectively. Figure 2.2 shows a simple sketch of flame 
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profile. It may be useful in realizing which terms have significant influences on 
Eq. (2.10) in each zone. 
The whole flame thickness is divided into two zones, which are separated at 
the boundary, 𝜁𝜁𝐹𝐹. In the pre-heat zone, while the convection and diffusion term 
are the main factors in having much effect on the transport equation, the 
chemical term can be neglected because its effect is relatively very small. In 
the reaction zone, the chemical and diffusion term should be considered to be 
the most important component for the transport equation, whereas the effect 
of the convection term is relatively very small. Therefore, the following Eq. 
(2.11) and (2.12) can be derived. 
 
 
Figure 2.2 A simple sketch of flame profile through a flame front (Burluka 
2014) 
 
pre-heat zone: from ∞ to 𝜁𝜁𝐹𝐹 
−𝑢𝑢𝑑𝑑
𝑑𝑑𝑐𝑐(𝜁𝜁)
𝑑𝑑𝜁𝜁
= 𝜅𝜅 𝑑𝑑2𝑐𝑐(𝜁𝜁)
𝑑𝑑𝜁𝜁2
 Eq. (2.11) 
𝑢𝑢𝑑𝑑: burning velocity 𝑐𝑐: progress variable ζ: new variable 
𝜅𝜅: molecular mass or thermal diffusivity  
 
 - 10 - 
 
reaction zone: from 𝜁𝜁𝐹𝐹 to −∞ 
𝜅𝜅
𝑑𝑑2𝑐𝑐(𝜁𝜁)
𝑑𝑑𝜁𝜁2
+ 𝜌𝜌�𝑐𝑐(𝜁𝜁)� = 0 Eq. (2.12) 
𝜅𝜅: molecular mass or thermal diffusivity 𝑐𝑐: progress variable 
ζ: new variable 𝜌𝜌: reaction rate  
 
These equations have the boundary conditions as follows: 
 
𝑐𝑐(𝜁𝜁 → −∞) = 1         𝑐𝑐(𝜁𝜁 → ∞) = 0         𝑐𝑐(𝜁𝜁 → 𝜁𝜁𝐹𝐹) = 1 Eq. (2.13) 
 
𝑑𝑑𝑐𝑐(𝜁𝜁 → −∞)
𝑑𝑑𝜁𝜁
= 0     𝑑𝑑𝑐𝑐(𝜁𝜁 → ∞)
𝑑𝑑𝜁𝜁
= 0 Eq. (2.14) 
𝑐𝑐: progress variable ζ: new variable  
𝜁𝜁𝐹𝐹: ζ at the boundary of reaction and pre-heat zones 
 
Considering the boundary conditions above, Eq. (2.11) may be integrated as 
follows: 
 
𝜅𝜅 𝑑𝑑 �𝑑𝑑𝑐𝑐(𝜁𝜁)
𝑑𝑑𝜁𝜁
� = −𝑢𝑢𝑑𝑑 𝑑𝑑𝑐𝑐(𝜁𝜁) Eq. (2.15) 
 
𝜅𝜅� 𝑑𝑑 �
𝑑𝑑𝑐𝑐(𝜁𝜁)
𝑑𝑑𝜁𝜁
�
∞
𝜁𝜁𝐹𝐹
= −𝑢𝑢𝑑𝑑 � 𝑑𝑑𝑐𝑐(𝜁𝜁)∞
𝜁𝜁𝐹𝐹
 Eq. (2.16) 
 
𝜅𝜅 �
𝑑𝑑𝑐𝑐(𝜁𝜁)
𝑑𝑑𝜁𝜁
�
𝜁𝜁𝐹𝐹
∞ = −𝑢𝑢𝑑𝑑[𝑐𝑐(𝜁𝜁)]𝜁𝜁𝐹𝐹∞  Eq. (2.17) 
 
𝑑𝑑𝑐𝑐(𝜁𝜁)
𝑑𝑑𝜁𝜁
�
𝜁𝜁=𝜁𝜁𝐹𝐹
= −𝑢𝑢𝑑𝑑
𝜅𝜅
 Eq. (2.18) 
𝜅𝜅: molecular mass or thermal diffusivity 𝑐𝑐: progress variable 
ζ: new variable 𝑢𝑢𝑑𝑑: burning velocity  
𝜁𝜁𝐹𝐹: ζ at the boundary of reaction and pre-heat zones 
 
In the region from 𝜁𝜁𝐹𝐹 to −∞, by introducing the new variable 𝑐𝑐′ instead of 𝑐𝑐(ζ) 
to avoid confusion, Eq.(2.12) may be integrated in the following way that: 
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𝜅𝜅
𝑑𝑑
𝑑𝑑𝜁𝜁
𝑑𝑑𝑐𝑐(𝜁𝜁)
𝑑𝑑𝜁𝜁
𝑑𝑑𝑐𝑐(𝜁𝜁)
𝑑𝑑𝑐𝑐′
= −𝜌𝜌(𝑐𝑐′) Eq. (2.19) 
 
𝜅𝜅
𝑑𝑑
𝑑𝑑𝜁𝜁
𝑑𝑑𝑐𝑐(𝜁𝜁)
𝑑𝑑𝜁𝜁
𝑑𝑑𝑐𝑐(𝜁𝜁) = −𝜌𝜌(𝑐𝑐′)𝑑𝑑𝑐𝑐′ Eq. (2.20) 
 
𝜅𝜅
𝑑𝑑𝑐𝑐(𝜁𝜁)
𝑑𝑑𝜁𝜁
𝑑𝑑
𝑑𝑑𝑐𝑐(𝜁𝜁)
𝑑𝑑𝜁𝜁
= −𝜌𝜌(𝑐𝑐′)𝑑𝑑𝑐𝑐′ Eq. (2.21) 
 
𝜅𝜅
12𝑑𝑑 �𝑑𝑑𝑐𝑐(𝜁𝜁)𝑑𝑑𝜁𝜁 �2 = −𝜌𝜌(𝑐𝑐′)𝑑𝑑𝑐𝑐′ Eq. (2.22) 
 
𝜅𝜅2� 𝑑𝑑 �𝑑𝑑𝑐𝑐(𝜁𝜁)𝑑𝑑𝜁𝜁 �2𝜁𝜁𝐹𝐹−∞ = −� 𝜌𝜌(𝑐𝑐′)𝑑𝑑𝑐𝑐′𝑑𝑑𝜁𝜁𝐹𝐹′1  Eq. (2.23) 
 
𝜅𝜅2 ��𝑑𝑑𝑐𝑐(𝜁𝜁)𝑑𝑑𝜁𝜁 �2�
−∞
𝜁𝜁𝐹𝐹 = � 𝜌𝜌(𝑐𝑐′)𝑑𝑑𝑐𝑐′1
𝑑𝑑𝜁𝜁𝐹𝐹
′
 
Eq. (2.24) 
𝜅𝜅: molecular mass or thermal diffusivity ζ: new variable 
𝑐𝑐: progress variable 𝑐𝑐′: new progress variable 𝜌𝜌: reaction rate 
𝜁𝜁𝐹𝐹: ζ at the boundary of reaction and pre-heat zones 
𝑐𝑐𝜁𝜁𝐹𝐹
′ : 𝑐𝑐′ at the boundary of reaction and pre-heat zones 
 
In Figure 2.2, the value of 𝑑𝑑𝑑𝑑(𝜁𝜁)
𝑑𝑑𝜁𝜁
 is always negative. And since the zone where 
the chemical term mainly affects the transport equation is the reaction zone, 
its integration may be expanded from 𝑐𝑐𝜁𝜁𝐹𝐹
′  to zero. That is, the region for the 
integration may be from ζ = −∞ to ζ = ∞. Hence, Eq. (2.24) can be written as 
follows: 
 
𝑑𝑑𝑐𝑐(𝜁𝜁)
𝑑𝑑𝜁𝜁
�
𝜁𝜁=𝜁𝜁𝐹𝐹
= − �2
𝜅𝜅
� 𝜌𝜌(𝑐𝑐′)𝑑𝑑𝑐𝑐′1
0
�
1
2
 
Eq. (2.25) 
𝑐𝑐: progress variable 𝑐𝑐′: new progress variable ζ: new variable 
𝜅𝜅: molecular mass or thermal diffusivity 𝜌𝜌: reaction rate 
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It is certain that the values of 𝑑𝑑𝑑𝑑(𝜁𝜁)
𝑑𝑑𝜁𝜁
 that are calculated in Eq. (2.18) and 
Eq.(2.25) have to be identical at the position where ζ = 𝜁𝜁𝐹𝐹 . Therefore, the 
unperturbed laminar premixed flame speed 𝑢𝑢𝑑𝑑 can be derived as follows: 
 
𝑑𝑑𝑐𝑐(𝜁𝜁)
𝑑𝑑𝜁𝜁
�
𝜁𝜁=𝜁𝜁𝐹𝐹
= −𝑢𝑢𝑑𝑑
𝜅𝜅
= −�2
𝜅𝜅
� 𝜌𝜌(𝑐𝑐′)𝑑𝑑𝑐𝑐′1
0
�
1
2
 
Eq. (2.26) 
 
𝑢𝑢𝑑𝑑 = �2𝜅𝜅� 𝜌𝜌(𝑐𝑐′)𝑑𝑑𝑐𝑐′1
0
�
1
2
 
Eq. (2.27) 
𝑐𝑐: progress variable 𝑐𝑐′: new progress variable ζ: new variable 
𝜅𝜅: molecular mass or thermal diffusivity 𝑢𝑢𝑑𝑑: burning velocity 
𝜌𝜌: reaction rate  
 
This is the main result of the theory that was suggested by Zeldovich, 
Semenov, and Frank-Kamenetsky (Irvin and Richard 2008). The aim of this 
theory, so-called activation energy asymptotic theory, is to determine the 
speed of an unperturbed laminar premixed flame (Lipatnikov 2012). It is worth 
stressing that the laminar premixed flame speed 𝑢𝑢𝑑𝑑  depends only on the 
thermal diffusivity 𝜅𝜅 or molecular diffusivity 𝐷𝐷 according to the assumption and 
the integral of the reaction rate profile. It is also remarkable that the flame 
speed does not depend on a particular characteristic of the reaction rate 
dependency on the temperature and concentration. 
 
 
Figure 2.3 A sketch of planar unperturbed laminar premixed flame 
reproduced from Burluka (2015) 
 
Unburned side Burned side 
𝝆𝝆𝒖𝒖𝒖𝒖𝒏𝒏 𝝆𝝆𝒃𝒃𝑺𝑺𝒏𝒏 
Propagating planar flame 
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The laminar premixed flame is considered to be a discontinuity between the 
two flow fields, as depicted in Figure 2.3, which splits into the unburned side 
consisting of the fuel-oxidant mixture and the burned area that is comprised 
of combustion product. The density ahead or behind the flame is 𝜌𝜌𝑢𝑢  or 𝜌𝜌𝑎𝑎 
respectively. The assumptions that are made in this case are that the 
thickness of the flame is infinitely thin and it propagates at a constant speed 
𝑢𝑢𝑑𝑑, which is called burning velocity. It is also assumed that the conditions 
before and after the flame surface dramatically change: the properties such 
as pressure, volume, density, and so on vary drastically. As shown in Figure 
2.3, where the thin flame is ideally one-dimensional planar laminar premixed 
flame and the unburned gas is stationary, the direction at which the flame 
propagates towards the unburned side is normal to the infinitely thin flame 
front. Since this chemical reaction obeys the law of conservation of mass for 
the cross section, the following equation can be derived. 
 
𝜌𝜌𝑢𝑢𝑢𝑢𝑑𝑑 = 𝜌𝜌𝑎𝑎𝑆𝑆𝑑𝑑 Eq. (2.28) 
𝜌𝜌𝑢𝑢: density of fuel-oxidant mixture 𝑢𝑢𝑑𝑑: burning velocity 
𝜌𝜌𝑎𝑎: density of combustion product 𝑆𝑆𝑑𝑑: flame propagation speed 
 
After obtaining the values of the densities of the unburned gas and the 
combustion product through chemical equilibrium programs such as Gaseq 
(Morley 2005), in turn, the flame propagation speed Sn is measured through 
appropriate methods, the burning velocity un can be calculated. In the process 
of the combustion, the effect of the thermal expansion on the flame that is 
induced by the burned gas also has to be noted, which has an influence on 
the movement of the unburned gas. It can be said that the unburned gas 
pushes the flame, which is shown in Figure 2.4. 
The flame propagation speed Sn, which is relative to the burned gas, consists 
of two components. One of them is the burning velocity un in the figure, and 
the other is the unburned gas velocity Vg (Balusamy et al. 2011, Long and 
Hargrave 2011, Burluka 2015). This relationship can be written as follows: 
 
𝑆𝑆𝑑𝑑 = 𝑢𝑢𝑑𝑑 + 𝑉𝑉𝑔𝑔 Eq. (2.29) 
𝑆𝑆𝑑𝑑: flame propagation speed 𝑢𝑢𝑑𝑑: burning velocity 
𝑉𝑉𝑔𝑔: unburned gas velocity  
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Figure 2.4 Illustration of flame propagation considering the effect of the 
thermal expansion of the burned gas (Burluka 2015) 
 
The attempts to measure laminar burning velocity have been made 
theoretically and experimentally over many years by many researchers 
(Bradley et al. 1996, Zhou and Garner 1996, Balusamy et al. 2011). The 
methodology can be divided into two categories in the sense that stationary 
or propagating flame is dealt with. When investigating the former, burner 
methods and flat-flame methods have been widely employed. In the case of 
propagating flame, cylindrical tube methods, flame kernel method, soap-
bubble method, spherical constant-volume vessel method, and outwardly 
cylindrical flame method have been adopted (Rallis and Garforth 1980). 
The experimental methodology that was adopted in this research is an 
outwardly cylindrical flame method. Using the research engine, the flame that 
propagated outwardly towards the wall of the cylinder was observed, with the 
use of three kinds of gaseous fuels, hydrogen, methane, and propane: the 
detailed description of the experimental equipment is introduced in Chapter 3, 
and the methodology to analyse the result of the experiment is described in 
detail in Chapter 4. 
Figure 2.5 shows a simple sketch of outwardly propagating flame in the 
cylinder of the research engine. In the experiment of this research, the spark 
plug to ignite flame was located in the centre of the cylinder. It was assumed 
that the height of flame in the cylinder was equal to that of the combustion 
chamber while the flame was recorded: the flame radius ranged from 6 to 20 
mm, which is introduced in Sec. 4.2. The assumption is reasonable in the 
sense that the surface of the flame front reaches the upper side of the 
Unburned side Burned side 
Flame 
propagation 
Burned 
gas 
Volume required for the thermal 
expansion of the burned gas 
𝑺𝑺𝒏𝒏 
𝒖𝒖𝒏𝒏 
𝑽𝑽𝒈𝒈 
Fresh gas burned during dt 
Time step: 𝒅𝒅𝒅𝒅 
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combustion chamber and the top side of the piston crown of the research 
engine after the flame radius is 4 mm (Burluka 2015, Chen 2016). Therefore, 
where flame propagates outwardly in the cylinder, the flame propagation 
speed Sn can written as follows: 
 
 
Figure 2.5 A schematic illustration of outwardly propagating flame in the 
cylinder of the research engine reproduced from Burluka (2015) 
 
𝑆𝑆𝑑𝑑 = 𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡 Eq. (2.30) 
𝑆𝑆𝑑𝑑: flame propagation speed 𝑑𝑑: flame radius 𝑡𝑡: time 
 
The way of calculating flame propagation speed at each point of the flame 
front is described in detail in Sec. 4.2.2. And the measurement of the unburned 
gas velocity was taken, using the PIV system, which is explained in Sec. 3.4. 
The calculation of unburned gas velocity at each point of the flame front, which 
was made through extrapolation, is also explained in Sec. 4.2.2. 
 
 
2.2 Instability of laminar premixed flame and onset of 
cellularity 
Laminar premixed flame that is initially stable tends to become unstable as 
the flame proceeds (Markstein 1951, Irvin and Richard 2008, Lipatnikov 2012). 
One of the reasons for the instability is the imbalance between flame speed 
and the velocity of a combustible mixture, which is named hydrodynamic 
Surface of flame front 
Ignition point 
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instability (Petersen and Emmons 1961). Another reason is the difference 
between the molecular diffusivity of a combustible mixture and the thermal 
diffusivity, which is called molecular-thermal diffusive instability (Hertzberg 
1989). In this section, hydrodynamic instability is first described, and then 
molecular-thermal diffusive instability is explained. After that, it is illustrated 
where a cellular structure appears, and the factors in having effect on the 
occurrence of cellular flame are explained. 
 
 
2.2.1 Hydrodynamic instability 
 
 
Figure 2.6 Growth rate of amplitude of flame surface disturbance vs 
dimensionless wavenumber reproduced from Petersen and Emmons 
(1961) 
 
As explained by Lipatnikov (2012), two great researchers, Darrieus in 1938 
and Landau in 1944, first independently examined the hydrodynamic 
instability of laminar premixed flame. Their theoretical work dealt with the 
following issue. 
Their analysis for flame instability is that the flame becomes unstable to 
infinitesimal perturbations of all wavenumbers 𝜅𝜅, with the growth rate of the 
amplitude of a flame surface disturbance being linearly increased with respect 
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to the wavenumber (Lipatnikov 2012): refer to the red line, the solution of 
Darrieus and Landau instability, in Figure 2.6. 
Figure 2.6 shows that the growth rate of amplitude of a flame disturbance rises, 
with the increase of wavenumber until its value reaches the certain one 𝜅𝜅𝑚𝑚 
when the growth rate is maximum. After the crest, the growth rate gradually 
decreases, and then becomes the cut-off value at the wavenumber 𝜅𝜅𝑑𝑑 . 
According to Markstein’s investigation (1951), in the range where the value of 
the growth rate is negative, the flame becomes stable because the wave 
decays. In other words, flames are unstable only up to a certain wavenumber 
(Petersen and Emmons 1961). 
 
 
Figure 2.7 A sketch of a hydrodynamically unstable flame reproduced 
from Lipatnikov (2012) 
 
Figure 2.7 shows an example of the hydrodynamic instability of flame. In the 
figure, the red line represents the flame surface, and the fuel-oxidant mixture 
moves from the right to left. Where the flame becomes hydrodynamically 
unstable, the physical mechanism is that the velocity of the fuel-oxidant 
mixture 𝑢𝑢𝑢𝑢 in the vicinity of the point D at the flame surface increases because 
the mixture flow converges with the flame perturbation, whereas the flame 
speed 𝑢𝑢𝑑𝑑 still keeps constant. On the contrary, owing to the divergence of the 
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unburned gas flow, the velocity of the fresh mixture nearby the point B 
becomes slower than the flame speed, 𝑢𝑢𝑑𝑑 > 𝑢𝑢𝑢𝑢.  
Since the difference between the flame speed and unburned gas velocity 
takes place, the growth of the convex and concave part toward the fuel-
oxidant mixture gradually proceeds in the vicinity of the point D and B 
respectively. Therefore, the amplitude of the disturbance also gradually 
increases, which has more effects on the perturbation of the flame speed. 
As mentioned by Lipatnikov (2012), it should be noted that the flame can have 
an influence on the variation of the unburned gas velocity only when the ratio 
of the fresh gas mixture density to the combustion product density 𝜎𝜎 varies 
through a cause like the expansion of the combustion product gas. As shown 
in Figure 2.7, the flow of the fresh gas mixture passing through the segment 
AC changes into the combustion product, and then converges again in the 
burned side, which is due to the decrease of the density that is caused by an 
increase in the temperature. As depicted in the insets in Figure 2.7, the 
variation of the density ahead and behind the flame surface makes it possible 
for the normal component of the flow vector to increase after the surface. The 
variation of the gas flow ahead and behind the flame surface can also have 
an effect on the pressure in the unburned side. The pressure perturbation in 
the area of the fresh gas mixture that is caused by the flame disturbs the 
unburned gas flow further. 
The theoretical research of Darrieus and Landau was examined further with a 
variety of experiment by Markstein (1953). He assumed that flame speed is 
not a constant quantity but is affected by the local curvature along with the 
flame surface (Lipatnikov 2012). With the assumption, he could predict the 
stability of flame with respect to wavenumbers. If Lewis number, which 
represents the ratio of thermal diffusivity to mass diffusivity (Irvin and Richard, 
2008) and is described in Sec. 2.2.3, is one, the flame speed in the point D 
increases. In contrast, the flame speed in the convex part B toward the 
unburned side decreases in the same condition.  
If the local curvature of the flame surface is large, which means that the 
disturbed wavelength is short and the wavenumber is large, it has more 
influences on the flame speed because the effect of the curvature exceeds 
that of the changes in the unburned gas velocity that are caused by the flame 
perturbation. Therefore, the flame in the vicinity of the point D becomes stable 
again as the wavenumber goes beyond the certain value. The assumption that 
was made by Markstein has been studied theoretically, and many kinds of 
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experiment has also been carried out by various researchers (Truffaut and 
Searby 1999, Lipatnikov and Chomiak 2005). As explained Lipatnikov (2012), 
the outcomes of the experiment show a good agreement with the results of 
the theoretical investigation. 
 
 
2.2.2 Molecular-thermal diffusive instability 
Where laminar premixed flame is initially planar and stable, if the imbalance 
between the molecular and thermal diffusivities takes place along the flame 
surface, the flame will start becoming curved and unstable (Law 2006b). The 
molecular-thermal diffusive instability can be seen in unburned gas mixtures 
with high molecular diffusivity of the deficient reactant and low molecular 
diffusivity of the excess reactant. And it can make the local flame speed 
increases or decreases depending on the shape of the flame surface. The 
local variation of enthalpy, mixture composition, reaction rate, and 
consumption velocity, causes a local change in flame speed (Lipatnikov 2012). 
 
 
Figure 2.8 A sketch of molecular-thermal diffusive instability reproduced 
from Lipatnikov (2012) 
Figure 2.8 shows how flame front is changed by the molecular-thermal 
diffusive instability. In the figure, the black dashed and solid lines represent 
the flame fronts before and after the molecular-thermal diffusive instability 
proceeds.  
Where Lewis number Le is smaller than one, the chemical energy which is 
provided in the vicinity of the point B by the molecular diffusivity is more than 
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the heat loss through molecular conductivity. In the case that the molecular 
diffusivity of the deficient reactant DF is larger than that of the excess reactant 
Dox, the equivalence ratio near the point B locally changes toward the 
stoichiometric condition because the diffusion of the deficient reactant 
becomes more active than that of the excess reactant. In the two cases Le < 
1 or DF > Dox, a local increase in flame speed takes place in the vicinity of the 
point B. However, the diametrically opposite phenomenon in the vicinity of the 
point D appears under Le < 1 or DF > Dox. That is, with the chemical energy 
and the effect of the diffusion of the deficient reactant, a local decrease in 
flame speed rather occurs. 
On the contrary, where Le > 1, the chemical energy that is supplied in the 
vicinity of the point B is less than the amount of the heat loss, which causes 
the decrease of the flame speed in the local area. And where DF < Dox, the 
equivalence ratio in the vicinity of the point B becomes lean. Hence, the flame 
speed in the vicinity of the point B locally decreases. On the other hand, a 
local increase in flame speed in the point D takes place under the same 
condition. The changes at the point B and D enable the magnitude of flame 
disturbance caused by hydrodynamic instability, which is mentioned Sec. 
2.2.1, to become stable with respect to the weak perturbation of the flow 
velocity (Lipatnikov 2012). 
 
 
2.2.3 Cellularity: onset and development for growing flames 
Many researches have been carried out to understand hydrodynamic and 
molecular-thermal diffusive instability, and the scholars have done many 
experiments to prescribe the characteristics of laminar flame in various 
experimental conditions. A cellular structure is observed when a flame surface 
becomes wrinkled irregularly, and cellular flame sometimes splits into a small 
size of the structures. The condition where a cellular structure appeared on a 
flame surface was described by Zeldovich (1949). He analysed the diffusion 
phenomena which occurred in the combustion process, using the combustible 
mixtures with various molecular properties. Cellular structures on a flame 
surface can be seen in the condition where the molecular diffusivity of a fuel-
oxidant mixture is greater than the thermal diffusivity. The imbalance between 
the molecular and thermal diffusivities brings about a local diffusion 
enrichment of the perturbed surface element at a greater rate than the heat 
which is lost by thermal conductivity (Zeldovich 1949). 
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Figure 2.9 Change in the structure of laminar flames of 2H2 + 𝛂𝛂O2 + nN2 
(Karpov 1982) 
 
Figure 2.9 shows the schlieren photographs of laminar flames of hydrogen 
where 2H2 + 𝛂𝛂O2 + nN2 at α + n = constant and the product temperature is 
fixed within 20℃ (Karpov 1982). As seen in the figure, it is obvious that the 
leaner the combustible mixture becomes, the more pieces the flame surface 
break into: refer to the inset a to d. On the other hand, the size of the cells 
gradually becomes large as α decreases: refer to the inset d to h. In the case 
that α is larger than four, the change of the flame structure can hardly be 
identified because the flame surface is broken up too much. 
Figure 2.10 shows the photographs of the flame of the mixture 2H2 + 6O2 + 
nN2 with respect to the change in the amount of nitrogen. As the concentration 
of the nitrogen diminishes, the flame surface breaks into more pieces and the 
size of the cell decreases (Karpov 1982). According to the relevant researches 
(Karpov and Severin 1980, Hertzberg 1989), laminar flames in combustible 
mixtures where Lewis number is smaller than one, that is, the molecular 
diffusivity of the deficient reactant is greater than its thermal diffusivity, are 
usually developed as cellular structures. Through a variety of experiment by 
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many researchers, it was concluded that flames should become stable if the 
fuel-oxidant mixture that consists of heavy hydrocarbon is lean. In the case of 
hydrogen, the flame should also become stable if the combustible mixture is 
rich. 
 
 
 a b c d 
𝑉𝑉 6 10 14 16 
𝑇𝑇𝑎𝑎  
[K] 1430 1200 1050 970 
𝑢𝑢𝑑𝑑 
[m/s] 0.45 0.29 0.13 0.07 
𝜅𝜅
𝑢𝑢𝑑𝑑
 
[cm3] 
0.0045 0.0070 0.018 0.0285 
Figure 2.10: Effect of parameter 
𝜿𝜿
𝒖𝒖𝒏𝒏
 on laminar flame structure in the 
mixture 2H2 + 6O2 + nN2 (Karpov 1982) 
 
Figure 2.11 illustrates the effect of selective or preferential diffusion of fuel and 
oxygen into the flame zone depending on the composition of a fuel-air mixture. 
When laminar flame propagates towards the combustible mixture, which is 
assumed that the mixture is perfectly well mixed and homogeneous, a radical 
change in the concentration of the reactants is generated: refer to the solid 
green line in Figure 2.12. It involves the large diffusion of the fuel-air molecules 
that comes from the unburned gas. Where one reactant of the combustible 
mixture, the fuel or oxidant molecules, is more diffusive, it will be dominant 
over the other. Hence, the selective diffusion of the dominant molecules will 
occur. 
In the case of a light hydrocarbon-air mixture, which is shown in Figure 2.11 
(A), the fuel molecules diffuses selectively into the propagating flame, and the 
composition of the mixture becomes richer than the initial composition. The 
change brings about the change in the burning velocity. As seen in Figure 
2.11 (B), this phenomenon can be seen in a heavy hydrocarbon-air mixture. 
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The difference is that the selectively diffusing reactant is oxygen molecules 
and the mixture behave as though the composition becomes leaner than the 
initial composition.  
 
 
Figure 2.11 The effect of selective diffusion of fuel (A) and oxygen (B) 
into the flame zone cited from Hertzberg (1989) 
 
Because of the selective diffusion, the variation in the burning velocity also 
takes place in the case of the light and heavy hydrocarbon-air mixture. In 
relation to the red dashed boxes of Figure 2.11 (A) and (B), it should be noted 
that the selective diffusions caused by the fuel and oxygen molecules results 
in an increase in burning velocity in the lean and rich condition respectively, 
compared with the burning velocities in the initial composition. Cellular flame 
structures mainly have a tendency to show up in the region where the increase 
of burning velocity in light and heavy hydrocarbon-air mixtures takes place 
(Hertzberg 1989, Lipatnikov 2012).  
The reason is that as mentioned in Sec. 2.2.2, since the molecular diffusivity 
of light hydrocarbon is larger than that of oxygen, the equivalence ratio at the 
local area of the flame front increases towards the stoichiometric condition. In 
the case of a heavy hydrocarbon-air mixture, the deficient reactant, oxygen, 
diffuses selectively towards the local area of the flame front, which causes the 
equivalence ratio to decrease towards the stoichiometric condition. Therefore, 
a part of the flame front is curved or wrinkled, and even cellular structures can 
(A) (B) 
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be observed. Based on this, the experiment of the hydrogen- and methane-
air mixture in this research was carried out in the lean condition, which was 
close to their flammability limits. Regarding the propane-air mixture, the 
experiment was conducted in the rich condition, which is mentioned in detail 
in Chapter 3. 
However, it should be mentioned that, as described by Konnov (2005), the 
cellular structures were observed where propane-air mixtures were in the 
stoichiometric range. And in the case of hydrogen-oxygen-nitrogen mixtures, 
where they were in the rich condition, cellular structures were observed (Botha 
and Spalding 1954, Mitani and Willimas 1980). Since there is still doubt on 
when a cellular structure can be observed, it is required to investigate the 
conditions of occurrence of cellular flame in detail with respect to combustible 
mixtures. 
Lewis number, Le, which is already mentioned in Sec. 2.2.1 and 2.2.2, is 
defined the ratio of thermal diffusivity to molecular or mass diffusivity and a 
dimensionless number (Hewitt, Shire et al. 1998). In the assumption to derive 
the equation of unperturbed laminar premixed speed or normal flame speed un in Sec. 2.1, the molecular diffusivity for fuel and oxidant and the thermal 
diffusivity are equal 𝐷𝐷𝐹𝐹 = 𝐷𝐷𝑜𝑜𝑜𝑜 = 𝜅𝜅, that is, Lewis number is unity.  
Let us assume that Lewis number is not one. Where the temperature profile T, which is the black solid line in Figure 2.12, is kept and the laminar flame 
speed is unchanged, if the molecular diffusivity of the deficient reactant DF  is 
increased, that is, Le < 1, the mass fraction profile YF would become wider 
than before: this means in Figure 2.12 that the green solid line changes into 
the green dashed line. 
Comparing the fuel-oxidant mass fraction of the solid and dashed green 
profiles in the reaction zone, the amount of the mass fraction in the green 
dashed profile is smaller than that of the mass fraction in the green solid profile. 
Hence, the reaction rate would progressively decrease, and the flame speed 
would also become slower than before (Lipatnikov 2012). Where Lewis 
number is less than unity, the flame speed becomes proportional to the value 
of the number.  
On the contrary, when the thermal diffusivity is equal to or larger than the 
molecular diffusivity, i.e. 𝐿𝐿𝐿𝐿 ≥ 1 , the flame that propagates at a constant 
speed becomes unstable, and the flame speed oscillates. As already 
mentioned in Eq. (2.27) in Sec. 2.1, an unperturbed laminar premixed flame 
speed depends strongly on the molecular and thermal diffusivities. 
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Figure 2.12: A simple sketch of the effect of Lewis number on the 
structure of an unperturbed laminar premixed flame (Burluka 2014) 
 
 
2.2.4 Effects of pressure, temperature, and mixture composition 
When combustion starts, the initial pressure and temperature have an 
influence on the variations of flame propagation speed, burning velocity, and 
other properties in great way. The investigation on the effects of the initial 
pressure and temperature at the start of combustion has been carried out for 
many years. Through a variety of the experiments on hydrocarbon combustion, 
the correlation between pressure, temperature, and laminar premixed flame 
speed was derived. The relevant equation could be represented as follows 
(Dugger and Graab 1953, Metghalchi and Keck 1980, Burluka 2014): 
 
𝑢𝑢𝑙𝑙 = 𝑢𝑢𝑑𝑑 �𝑇𝑇𝑢𝑢𝑇𝑇𝑜𝑜�𝛼𝛼 �𝑃𝑃𝑢𝑢𝑃𝑃𝑜𝑜�𝛽𝛽 (1 − 𝑥𝑥𝑎𝑎0.77) Eq. (2.31) 
𝑢𝑢𝑙𝑙: laminar burning velocity 𝑢𝑢𝑑𝑑: unperturbed laminar burning velocity 
𝑇𝑇𝑢𝑢: initial temperature 𝑇𝑇𝑜𝑜: reference temperature 
𝑃𝑃𝑢𝑢: initial pressure 𝑃𝑃𝑜𝑜: reference pressure 
𝛼𝛼: temperature index 𝛽𝛽: pressure index 
𝑥𝑥𝑎𝑎: mole fraction of the residual burned gas 
 
In Eq. (2.31), 𝑢𝑢𝑙𝑙 and 𝑢𝑢𝑑𝑑 are laminar burning velocity and unperturbed laminar 
burning velocity respectively. To and Po represent the reference temperature 
and pressure and are regarded as 298 K and atmospheric pressure. Tu and 
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Pu indicate the initial temperature and pressure of unburned gas respectively 
when combustion starts. xb is the mole fraction of the residual burned gas. 
Many researchers have carried out the relevant experiments to measure flame 
speed and calculate unperturbed laminar premixed flame speed 𝑢𝑢𝑑𝑑, with the 
use of various hydrocarbon-air mixtures (Metghalchi and Keck 1980, Gu et al. 
2000, Law et al. 2005, Konnov 2015). In relation to the combustion of 
hydrocarbon gases, it is typical that the values of the index α and β are positive 
and negative respectively. In the case of the methane-air mixture where its 
equivalence ratio is stoichiometric, the α and β are approximately 1.6 and -0.4 
respectively. 
 
 
Figure 2.13 Variation in laminar burning velocity with respect to pressure 
for stoichiometric fuel-air mixtures (Westbrook and Dryer 1984) 
 
Figure 2.13 shows the variation in laminar burning velocity as a function of 
pressure. As expected through Eq. (2.31), as the initial pressure increases, 
the laminar burning velocities of the fuel-air mixtures gradually decreases. 
Figure 2.14 shows the relationship between the laminar burning velocity and 
the initial temperature of unburned gas. The laminar burning velocity rises, 
with an increases in the initial temperature of the unburned gas. Compared 
with the declined of the laminar burning velocity with respect to the initial 
pressure, the growth of the burning velocity with respect to the initial 
temperature is relatively large. 
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Figure 2.14 Variation in laminar burning velocity for the propane-air 
mixture (Metghalchi and Keck 1980) 
 
Figure 2.15 shows the schlieren flame images, which were taken using the 
constant-pressure chamber (Law et al. 2005). The hydrogen-propane-air 
mixture was adopted as fuel, and its equivalence ratio was 0.6. The proportion 
of mixing hydrogen with propane α was 0.5: the method of calculating α and 
other information are described in detail in the reference. As seen in the figure, 
the flame instability is observed at the elevated pressures. Regardless of a 
change in the pressure, in the beginning of the combustion, which is the 
uppermost row of the figure, the flame surfaces are smooth and stable. In all 
the case of the figure, as the combustions proceed, the flames become 
wrinkled and unstable in the end. When the pressure is atmospheric, which is 
the left column of the figure, the flame surface seem to keep at the stable 
condition although some cracks can be seen at the last stage. 
However, as shown in the middle and right columns of the figure, as the 
pressure rises, the state where the flame becomes unstable shows up more 
quickly. Moreover, it is certain that the higher the pressure becomes, the more 
pieces the flame surfaces break into. While the flame surfaces break into 
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pieces, the size of the cells tend to progressively become smaller. According 
to the researches that have been carried out over many years (Law et al. 2005, 
Hu et al. 2009, Far et al. 2010), it is obvious that the surface of flame front 
becomes destabilised as the initial pressure increases. 
 
 
Figure 2.15 Flame instability of hydrogen-propane-air mixtures at 1, 2, 
and 5 atm. Equivalence ratio: 0.6 / initial temperature: 298 K (Law et al. 
2005) 
 
In order to characterize the composition of a fuel-air mixture, there are a 
number of terms, which are equivalence ratio, relative air-fuel ratio, mixture 
strength, percentage excess air and so forth. Among the various terms, 
equivalence ratio is one of the widely used parameters. Its definition is that 
 - 29 - 
 
the ratio of the amount of fuel available to the one of oxygen that is actually 
provided is normalized by the ratio of the amount of fuel to the one of air when 
it is stoichiometric. The stoichiometric ratio of fuel and air means that the 
theoretically optimum amount of fuel and air is used in chemical reaction 
where it is assumed that its chemical reaction proceeds to completion (Giunta 
2016).  
 
𝐸𝐸𝐸𝐸𝑢𝑢𝐸𝐸𝑣𝑣𝐸𝐸𝐸𝐸𝐿𝐿𝑉𝑉𝑐𝑐𝐿𝐿 𝑑𝑑𝐸𝐸𝑡𝑡𝐸𝐸𝑟𝑟 𝜙𝜙 = �𝐹𝐹𝑢𝑢𝐿𝐿𝐸𝐸𝐴𝐴𝐸𝐸𝑑𝑑 �𝑎𝑎𝑑𝑑𝑎𝑎𝑢𝑢𝑎𝑎𝑙𝑙
�
𝐹𝐹𝑢𝑢𝐿𝐿𝐸𝐸
𝐴𝐴𝐸𝐸𝑑𝑑 �𝑎𝑎𝑎𝑎𝑜𝑜𝑠𝑠𝑑𝑑ℎ𝑠𝑠𝑜𝑜𝑚𝑚𝑖𝑖𝑎𝑎𝑟𝑟𝑠𝑠𝑑𝑑
 Eq. (2.32) 
 
Where the equivalence ratio is smaller than one, the fuel-air mixture is said 
that it is at the lean condition. In contrast, in the case that equivalence ratio is 
larger than one, the fuel-air mixture implies that it is at the rich condition. The 
stoichiometric condition means that the equivalence ratio is one. 
 
 
Figure 2.16 General variation in laminar flame speeds with equivalence 
ratio ϕ for various fuel-air mixtures. Initial pressure: 1 atm / initial 
temperature 298 K (Irvin and Richard 2008) 
 
Equivalence ratio is also one of the most invaluable factors in affecting the 
changes of flame propagation speed, burning velocity, and other properties. 
The ratio is frequently used for prescribing the correlation between itself and 
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flame speed. Relevant researches have been conducted over many years 
(Egolfopoulos and Law 1990, (Gu et al., 2000, Park et al., 2011, Burluka et al., 
2015).  
Figure 2.16 shows the variation in laminar flame speeds with respect to 
equivalence ratio. Except for the cases of hydrogen and carbon monoxide, the 
hydrocarbon fuels have the maximum laminar flame speeds when their 
equivalence ratios are almost stoichiometric or slightly higher than one. As 
they deviate from the stoichiometric condition, their speeds gradually 
decrease. 
Figure 2.17 shows the schlieren images taken in the constant pressure 
chamber as the flames develops (Law 2006a). The fuels were the hydrogen-
air and propane-air mixtures, and the initial pressure and temperature were 5 
atm and 298 K respectively. The main parameter of the experiment was 
equivalence ratio. In the case of the combustion for the hydrogen-air mixture, 
where the mixture composition is at the lean condition, which is ϕ = 0.6 in the 
figure, the surface of the flame front starts to become unstable at the early 
stage. As the flame develops, the flame front breaks into more pieces. On the 
contrary, where the equivalence ratio is 4.0, although some cracks can be 
seen at the end, the surface of the flame front keep smooth and stable 
regardless of the development of the flame.  
Similarly, such phenomenon is seen in the case of propane-air mixture in the 
figure. However, the difference between two mixtures is that the propane-air 
mixture becomes progressively destabilized where its equivalence ratio is rich, 
which is ϕ = 1.4. As mentioned in Sec. 2.2.2 and 2.2.3., the diffusivity of the 
hydrogen molecules dominates over that of the oxygen molecules when the 
mixture is lean, and thus the flame becomes destabilised. In the case of the 
rich propane-air mixture, the diffusivity of the oxygen molecules is dominant 
to that of the propane molecules, which brings about the flame instability. 
In this research, three kinds of gaseous fuels, hydrogen, methane, and 
propane, which have been widely used as energy sources, were adopted to 
investigate the characteristics of their combustion. This research concentrated 
mainly on the combustion where the cellular flame of the gaseous fuels took 
place. Referring to the researches carried out by Hertzberg, Law and others 
mentioned in Sec. 2.2.3, the equivalence ratios of the fuel-air mixtures were 
selected. In the case of the hydrogen- and methane-air mixtures, the 
experiment was carried out at the lean condition, whereas the experiment of 
the propane-air mixture was conducted at the rich condition. The values of 
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equivalence ratios of three gaseous fuels were close to their flammability limits. 
The relevant description is mentioned in detail in Chapter 3. 
In this study, the experimental condition where cellular flame was a laminar 
condition. Hence, turbulent premixed flame is not mentioned in this paper. 
However, it was confirmed whether a laminar condition in the experiment rig 
was formulated or not prior to the actual measurement. The relevant 
theoretical background and result are shown in Appendix A. 
 
 
Figure 2.17 Flame instability of hydrogen-air and propane-air mixtures 
with respect equivalence ratio. Initial pressure: 5 atm / initial temperature 
298 K (Law et al. 2006a) 
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Chapter 3 Experimental equipment 
 
In recent years, using LUPOE-2D, Leeds University Ported Optical Engine-
Version 2 with Disc-head, the Leeds combustion research group has carried 
out excellent and remarkable researches to prescribe a combustion process, 
with the use of various kinds of liquid and gaseous fuels (Dawood 2011, 
Hussin 2012, Ling 2014, Chen 2016). Especially, with the use of liquid fuels, 
most of the studies were conducted at a high speed which of the research 
engine was operated higher than 750 rpm. These researches focused on 
investigating the characteristics of flame where the experimental conditions 
were at turbulent conditions (Hussin 2012, Ling 2014). Except for the case of 
Chen’s research (2016), where the research engine has been operated at a 
low speed, the investigations into the characteristics of laminar premixed 
flame with gaseous fuels have rarely been carried out.  
In order to investigate laminar combustion inside a cylinder at a low speed, 
the research engine was modified. The reduction gear and pulley between the 
prime mover motor and the crank shaft enabled the research engine to be 
operated at a low speed. For the supply of gaseous fuels, the fuel supply 
system was also modified, and three kinds of gaseous fuels could be supplied 
safely and separately at the same time.  
The purpose of the current study is to investigate the characteristics of cellular 
flame inside the cylinder of the engine, including the flow field of unburned gas 
ahead of the flame front to prescribe the correlation between the movement 
of the combustible mixture and the flame instability. To achieve the aim, the 
PIV system, particle image velocimetry system was set up. The system was 
comprised of the double-pulsed high speed laser, high speed digital camera, 
and others. 
In this chapter, the research engine, LUPOE-2D, is first described in detail, 
and then the fuel and air supply system is introduced. After that, the 
description of how to obtain pressure data and the way of calculating the 
temperature of a fuel-air mixture where it is compressed inside the cylinder of 
the engine are given. The PIV system is also illustrated, and it is presented 
whether the research engine can create a laminar condition. Lastly, the engine 
control and data acquisition system is described, and the experimental 
procedure is mentioned at the end of this chapter. 
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3.1 Reciprocating combustion chamber: LUPOE-2D 
LUPOE-2D, Leeds University Ported Optical Engine version 2 with Disc-head, 
is based on a commercial Lister Petter-PH11 diesel engine, which is a single-
cylinder engine. The research engine was developed by the Leeds 
combustion research group. It has been retrofitted continuously 
corresponding to the objectives of the researches (Hicks 1994, Butler 1999, 
Abdi Aghdam 2003, Murad 2006). 
 
 
Figure 3.1 Photograph of LUPOE-2D and each instrument 
 
Figure 3.1 shows the photograph of the research engine. The overhead valve 
which was mounted at the place of the cylinder head was removed to observe 
the inside of the cylinder easily during the combustion process and to minimize 
an unnecessary flow of unburnt gas that can be caused by the configuration. 
And then the optical cylinder head was designed and installed. Three windows 
of the cylinder head were installed at the top and two diametrically opposite 
sides respectively. The top window made it possible to have optical access to 
a combustion phenomenon inside the cylinder of the research engine, and the 
two opposite side windows enabled the light source of illuminating seeding  
Exhaust gas outlet line 
Optics for laser 
Optical cylinder head 
Ignition coils 
Air inlet line 
Fuel inlet line 
High Speed Camera 
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Figure 3.2: Photograph of disc-shaped optical engine head 
 
 
Figure 3.3: LUPOE-2D and optical head plans modified from Ling (2014) 
 
particles, which is a laser sheet in this research, to be provided for the 
combustion chamber. 
The photographs of the optical cylinder head and its plans are shown in Figure 
3.2 and Figure 3.3. In order to measure in-cylinder pressure during 
combustion process, two kinds of pressure transducers were adopted. A 
dynamic and absolute pressure transducer were fitted in the side of the optical 
head and the cylinder wall respectively. As seen in Figure 3.3, the location of 
the absolute pressure transducer is lower than that of the dynamic pressure 
transducer. The timings when the absolute pressure transducer is opened and 
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closed by the movement of the piston are presented in Table 3.1. Using two 
pressure transducers, the variation of the in-cylinder pressure could be 
measured. In Sec. 3.3, the measurement of in-cylinder pressure is described 
in detail.  
A 12 V double ignition coil transformer and the customized spark plug were 
used for the ignition system. The ignition coil transformer used in the current 
research is commonly called double spark ignition coils in the automotive 
industry. It is typically used in a spark ignition engine with even numbers of 
cylinders, and provides the electrodes of the spark plug with a proper electrical 
spark that is enough electrical energy to initialize combustion.  
As seen in Figure 3.3, the spark plug was mounted in the centre of the top 
window in the optical cylinder head. A 0.5 mm diameter of steel wire is used 
as anode. It is sheathed with a 3.0 mm of alumina tube, which acts as cathode. 
The length of the steel wire is longer than that of the alumina tube, and a 
plastic tube is inserted as insulator between the inner steel wire and outer 
alumina tube. One tip of the inner steel wire is covered with a brass tube that 
is soldered with a 1.0 mm diameter of steel wire. It is connected to the terminal 
of the ignition coil transformer. The other tip is the electrode for the occurrence 
of ignition spark inside the cylinder. Similarly, another brass tube is also used 
for one end of the alumina tube and is connected to the terminal of the ignition 
coil transformer through a soldered steel wire. A 0.5 mm diameter of L-shaped 
steel wire is soldered at the other end of the outer alumina tube. The gap 
between the ends of the 0.5 mm steel wire and L-shaped steel wire was less 
than 1.0 mm to avoid misfire by the absence of an electrical spark. And it was 
confirmed that the occurrence of spark inside the cylinder was in good 
condition.  
In relation to the ignition spark, the electrical interference can give rise to 
problems for other electrical instruments such as a high speed digital camera, 
laser, and so on. This is because the instantaneous voltage of ignition spark 
is very high. Hence, earth cables were used to minimize the effects: the 
detailed description is presented in Sec. 3.6.4. The length of the protruding 
part of the spark plug toward the combustion chamber was 4.0 mm, and the 
entire diameter of the part related to the spark plug was 3.0 mm. A small size 
of the spark plug enabled to have the maximum full-bore access to a 
combustion process from the top view when the flame images were recorded. 
The timing when ignition spark occurred could be controlled through an 
electrical signal which was generated by the micro-controller in the engine 
control system, which is mentioned in Sec. 3.5 in detail. 
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Figure 3.4: Dimension of LUPOE-2D: refer to Table 3.1 
 
 
 
Figure 3.5: Piston displacement in terms of the variation of crank angle 
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Table 3.1 Geometrical specification of LUPOE-2D: refer to Figure 3.4 
Bore [mm] 80 
Clearance [mm], Lc 8 
Stroke [mm], Lb 110 
Connecting rod [mm] 232 
Total length [mm], Lt 118 
Effective stroke [mm], Ld 
(From TDC to the point at which the exhaust ports completely close) 
72 
Height of scavenging port [mm], Le 17 
Length of the protruding piston part [mm], Lg 12 
Loss stroke [mm], Lf-Ld (Lf : 78 mm) 6 
Connecting rod [mm] 232 
Diameter of an exhaust port [mm], Lj 10 
Clearance volume [mm3], Vc 
(the volume of the protruding part of the spark plug from the 
cylinder head to cylinder: 23 mm3) 
40189 
Swept volume [mm3], Vb 552920 
Effective swept volume [mm3], Vd 
(From TDC to the point at which the exhaust ports completely close) 
361911 
Total volume [mm3], Vt 593110 
Compression ratio 14.75 
Effective compression ratio 10.00 
Scavenging port close[° CA bTDC/aTDC] 109.4 
Exhaust port close [° CA bTDC/aTDC] 101.2 
Absolute pressure transducer close [°CA  bTDC/aTDC] 69.8 
Diameter of the hole for absolute pressure transducer [mm] 4 
Diameter of the hole for dynamic pressure transducer [mm] 5.5 
Engine operating speed range [rpm] 10 - 200 
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Figure 3.4 and Figure 3.5 show the dimension of the research engine and the 
calculation of the piston displacement with regard to the variation of crank 
angle. After measuring the position of each part vertically from TDC, each 
crank angle was calculated. Table 3.1 shows the geometrical specification of 
LUPOE-2D. As the piston moves from BDC to TDC during the compression 
stroke, the two scavenging ports are first closed, and then four rows of the 
exhaust ports are closed by it. The close timings of the scavenging and 
exhaust ports are 109.4 and 101.2 ºCA bTDC respectively. The stroke where 
the scavenging ports are blocked by the piston and some of the exhaust ports 
are open is 7 mm, which is Lf - Ld. Because of this period, the in-cylinder 
pressure can have the pressure similar to the atmospheric pressure when the 
effective stroke Ld starts. Considering this condition, the amount of fuel and 
air supply was calculated: the relevant description is presented in Sec. 3.2.1 
and 3.2.2. 
The piston starts blocking the port of the absolute pressure transducer when 
the crank angle is 73.6 ºCA bTDC. The point when the port is completely 
closed is 69.6 ºCA bTDC. Since the absolute pressure transducer acts as a 
reference transducer for the dynamic pressure transducer, this is essential 
information in pressure data measurement. Considering the timing when the 
absolute pressure transducer is blocked by the piston, the in-cylinder pressure 
was measured, which is described in detail in Sec. 3.3.  
The piston crown is flat, and the shape of the piston is cylindrical. When the 
piston is at TDC, the length of its protruding part toward the top window of the 
optical cylinder head Lg is 12 mm. The depth from the end of the cylinder to 
the bottom of the top window Lc + Lg is 20 mm. Hence, the clearance Lc is 8 
mm.  
Since the length of a protruding part of the spark plug is 4 mm, the vertical 
position of a laser sheet that goes through one side window of the optical head 
should be noted when the PIV system was set up. This is because the spark 
plug can be an obstacle to the movement of the laser sheet. To avoid the 
problem, the thickness of the laser sheet was minimized and the vertical 
position was adjusted properly: the detailed description is given in Sec. 3.4.2 . 
The piston was painted with black colour to minimize the effect of the reflection 
that could be caused by the illumination of a laser sheet and to record clear 
PIV images. 
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Figure 3.6 A plan of the combustion chamber of LUPOE-2D: the figure is 
modified from Abdi Aghdam (2003) 
 
The breathing system of the research engine was modified from a typical 
ported two stroke engine (Hicks 1994, Butler 1999, Abdi Aghdam 2003, Murad 
2006, Dawood 2011, Hussin 2012). Figure 3.6 shows a plan of the combustion 
chamber of LUPOE-2D that was used in the current research. A fresh fuel-air 
mixture gas is introduced through two rectangular scavenging ports that are 
horizontally symmetrical. The scavenging ports are connected to two 
diametrically opposed pipes respectively through which a fuel-air mixture gas 
is supplied. The fuel-air supply pipes are horizontally inclined at 20 º to help 
the mixture to flow naturally. The engine exhausts burnt gas through four rows 
of exhaust holes, of which each diameter is 10 mm. By drilling holes on the 
cylinder liner, this passage for the exhaust gas was made. The combustion 
product goes through the space, that is, exhaust collar, between the cylinder 
and liner. After that, it is expelled through the exhaust pipe that is connected 
to the ventilation duct. To prevent back pressure that can be caused for the 
combustion chamber by a stagnation flow in the exhaust pipes, the extract fan 
that was connected to the ventilation duct was operated whenever the 
experiment was carried out.  
According to the result of Chen’s research (2014), where the research engine 
runs at 50 rpm, the mean velocity of the unburned gas at TDC is less than 0.1 
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m/s, and the root-mean square velocity is less than 0.4 m/s. In addition, in the 
different condition where the speed of the engine is 750 rpm, Hussin obtained 
the values of the mean and root-mean square turbulent velocity at TDC: they 
were approximately 0.5 and 1.26 m/s respectively (Hussin 2012). It means 
that the research engine, which is equipped with the bespoke breathing 
system, enables to make a low turbulent condition inside the combustion 
chamber as the engine speed decreases. Especially, when the research 
engine is operated at 50 rpm, a laminar condition can be made, which can be 
regarded as the condition where a laminar flame appears: the relevant result 
is shown in Sec. 3.4.3. 
 
 
Figure 3.7 Pressure variation in skip fire mode, which consists of eight 
consecutive motoring cycles and one firing cycle 
 
In order to secure a fresh fuel-air mixture in the combustion chamber without 
any residual gas that can be caused by the previous firing cycle, when a new 
combustion process started, the research engine had a firing cycle after 
consecutive motoring cycles: the motoring cycles are called skip fire mode in 
this research, and refer to Figure 3.7. By adopting this mode, the residual gas 
could be removed or minimized, which made it possible to prevent or reduce 
the problem that could be caused by the trapped gas such as incomplete 
combustion and cyclic variation (Larsson 2009). The ratio of successive 
motoring cycles to a firing cycle used in this research was eight to one. The 
value of the ratio can be changed by manipulating the relevant set value of 
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the engine control system, which is mentioned in Sec. 3.5. During eight 
consecutive motoring cycles, a lot of fresh fuel-air mixture was used to purge 
the residual gas that was caused by the previous combustion. Hence, a new 
combustion process with fresh fuel-air mixture gas could be realized. 
 
 
Figure 3.8 Photographs of induction motor for LUPOE-2D and control 
console 
 
An induction electric motor was used as a prime mover to rotate the research 
engine. Figure 3.8 shows the relevant equipment. The motor is operated at 
2880 rpm where supply voltage is 230 V and frequency 50 Hz. In order to 
control its speed, an inverter, FARA MOSCON-E5, was adopted (Chen 2016). 
By adjusting a frequency that is supplied to the motor the speed can be 
controlled. For a low speed corresponding to the purpose of this research, the 
motor was connected to the input shaft of the gearbox. A pulley was fitted into 
the output shaft of the gearbox. Through a timing belt, a torque was 
transmitted to the pulley of the crankshaft of LUPOE-2D. The reduction ratio 
of the gearbox was ten to one. The range of the engine operating speed was 
from 10 to 200 rpm, and the accuracy was ± 1%.  
 
 
3.2 Fuel and air supply system 
The amounts of fuel and air that are supplied into the combustion chamber, 
that is, equivalence ratio, have the crucial effect on the characteristics of flame 
such as its burning velocity, molecular and thermal diffusivities, and so forth 
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(Irvin and Richard 2008). It is essential to provide a combustion chamber with 
an accurate amount of the fuel-air mixture that is required for the experiment. 
This section is divided into two subsections. The first subsection describes the 
fuel supply system including the calibration of the rotameters which were used 
in this research. In the second subsection, the air supply system is introduced, 
and then the calibration of the mass flowmeters for this system is explained in 
detail. Lastly, the temperature control system for a fuel-air mixture is described. 
 
 
3.2.1 Fuel supply system 
Three gaseous fuels, hydrogen, methane, and propane, were used in this 
study. Methane and propane have been used commonly in industrial fields, 
and especially, much attention has been paid to hydrogen as it is able to 
reduce the greenhouse gas emission that causes the global warming. Figure 
3.9 shows how the fuel supply system is configured. 
 
 
Figure 3.9 Piping and instrumentation diagram of the fuel supply system 
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The gaseous fuels were supplied from the separate cylinder bottles, and they 
were stored outside the laboratory building for safety reasons. The outlet 
pressure of each bottle could be adjusted by each pressure regulator through 
which the fuel was provided keeping its pressure stable. There was another 
pressure regulator in the laboratory. This regulator was used to control the 
fuel supply pressure before the gaseous fuel flows into the combustion 
chamber of the research engine and also kept the supply pressure stable. 
After the regulator, the manual valve was fitted in the line. This valve was a 
cut-off valve. In the case that an emergency situation would take place, this 
valve could be used immediately to shut the fuel supply. The fuel supply line 
branched into two separate lines for two diametrically opposed pipes of the 
research engine after the cut-off valve. The gaseous fuel of each line went 
through a rotameter, and the flow rate could be adjusted by the needle valve 
which was mounted at the inlet of the rotameter. The total number of the 
rotameters that were used in the experimental equipment was six.  
Before the fuel was supplied into the pipe connected to the cylinder of the 
research engine, a flashback arrestor and three-way connector were installed. 
The flashback arrestor is a safety device to extinguish flame that can come 
back from the combustion chamber. Therefore, it prevented the flame from 
spreading to the gaseous fuel supply line. The gaseous fuels were supplied 
through the three-way connector. The supplied location was the throat section 
of the venturi tube in the intake pipe, which is shown in Figure 3.10. Afterward 
the gaseous fuel mixes with air and seeding particles, the fuel-air mixture is 
transported into the combustion chamber of the research engine. 
Table 3.2 shows the properties of three gaseous fuels that were used in the 
current research. The purities of hydrogen, methane, and propane were 99.5, 
99.995, and 99 % in volume respectively. Hence, it was assumed that the 
gaseous fuels used in the current work were pure. And according to the 
assumption, the amount of the supplied fuel was calculated. Although there 
are many kinds of flowmeters for gas flow measurement such as differential 
pressure type, displacement, ultrasonic flowmeters, and so forth, a rotameter, 
which is one of the variable area meters, was adopted in the current research. 
Even though cutting edge flowmeters are able to provide better performance 
and guarantee a wider range of measurement, a flow rate measured through 
a rotameter also shows reasonable performance and good reliability with 
modest cost. For this reason, the rotameters were mounted in the fuel supply 
system. 
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Figure 3.10 Photograph of the intake pipe and a schematic diagram of 
fuel-air mixing process; the figure is modified and reproduced from 
Robert (2010) 
 
Table 3.2 Properties of gaseous fuels and air used in the current 
research (Linstroms and Mallard 2016) 
Substance 
Density [kg/m3] 
at gaseous state 
Octane 
Number 
(RON) 
LHV 
[MJ/kg] 
Purity 
[%] 
1 2 3 4 
H2 0.090 0.084 0.166 0.245 >130 119.96 99.5 
CH4 0.716 0.665 1.321 1.950 120 50.00 99.995 
C3H8 1.967 1.827 3.630 5.360 112 46.35 99 
Air 1.292 1.200 2.384 3.569 - - - 
state1: standard condition, 101.325 Pa / 273.15 K 
state2: 101325 Pa / 294.15 K,  
state3: 201325 Pa / 294.15 K,  
state4: experimental condition, 301325 Pa / 298.15 K, 
RON: research octane number 
 - 45 - 
 
The total number of the rotameters used in the experiment was six, and the 
models were OMEGA FL-3804ST and FL-3804GT. The accuracy of each 
model was ± 2 %. The main difference between the two models is the material 
of the floats which is stainless steel and glass, i.e. its density. Since a float 
with less density rises higher than the one with more density in the tapered 
tube, the flow capacity is lower than that of a rotameter having a float with 
more density. The result of calibration of the flowmeters is shown in Appendix 
B, and it was confirmed that the rotameters showed a good performance. 
 
 
3.2.2 Air supply and seeding system 
 
 
Figure 3.11 Piping and instrumentation diagram of the air supply and 
seeding system 
 
Figure 3.11 shows the air supply and seeding system. The laboratory 
compressed air of which the pressure was 7 bar in gauge pressure was used 
as the source air in the present work. As seen in the figure, the air supplied 
for the research engine is divided into the two pipelines: the main pipeline 
supplying pure air, and the secondary pipeline supplying air with seeding 
particles. 
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The air supply for the research engine begins with the main valve, and then 
the air pressure was adjusted and stabilised at 2 bar in gauge pressure 
through the pressure regulator. Undesirable substances such as oil, dust, and 
so forth are be filtered through a gas filter. After the filter, the air supply pipeline 
is divided. The main air supply pipeline, which does not contain seeding 
particles, splits into two sub-pipelines again. Each sub-pipeline is connected 
to one of the two diametrically opposed intake pipes in the research engine. 
A surge tank, of which the capacity is five litre, is mounted in each sub-pipeline 
of the main pipeline. It reduced the fluctuation of the supply pressure that 
might be caused by the piston movement or undesirable pressure drop owing 
to external reasons. A thermal mass flowmeter, TELEDYNE HASTING HFM-
301, was installed after the surge tank. The flow rate in the intake pipe can be 
monitored by the display device, Chell microprocessor display CMD100. The 
full range of the device is 200 SLPM with an accuracy of ± 1 % of the full scale 
(TELEDYNE HASTINGS INSTRUMENT 2010). Two needle values were 
installed on each sub-pipeline to adjust the air flow rate. The needle values 
are a fine needle valve, which enables to adjust a small amount of flow rate. 
By throttling the two needle valves, the flow rate of each sub-pipeline was 
adjusted during the experiment. 
The secondary pipeline where seeding particles are mixed with the pure air 
can be shut off by a manual valve. After it, a needle valve was employed to 
adjust the flow rate accurately. Brooks 5863S thermal mass flowmeter was 
used to measure the flow rate in this supply pipeline. Its range is 400 SLPM 
with an accuracy of ± 1 % of the full scale (Brooks Instrument 1992). The 
display unit to read the flow rate was Chell 5875.  
To feed seeding particles in the air supply line, the atomizer was used. Figure 
3.12 shows a schematic drawing of the atomizer, TSI Six-Jet Atomizer Model 
9306A, which was adopted in this experiment to provide the supplied air with 
seeding particles. Olive oil was employed as a seeding material. The 
pressured air branched from the main air supply pipeline was supplied for the 
atomizer jet. Through the orifice with which the end of the atomizer jet is 
equipped, the high-velocity flow can be made, which makes the pressure drop. 
Olive oil is naturally drawn up through the narrow tube owing to the pressure 
drop. With the oil and high-velocity air that collide with the spherical impactor, 
a small size of oil droplets are made as aerosol, and then mix with the 
pressured air again for dilution. Afterward, the fine oil droplets and air exits 
from the atomizer through the outlet tube.  
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Figure 3.12 A schematic drawing of the atomizer; the figure is 
reproduced from the manufacturer instruction manual (TSI 2003) 
 
The total number of the atomizer jet in this device is six, and the number of 
used atomizer jets can be adjusted by the control valves. Two atomizer jets 
were used in this experiment, and the amount of the air supply through the 
atomizer was about 10 % of the total air flow rate. Depending on the flow rate 
of air with seeding particles, the concentration of seeding particles varies and 
affects the brightness of flame images. Excessive seeding particles can have 
a bad influence on vector calculation in the PIV system and make the top and 
side windows of the optical cylinder dirty. This can decrease the reliability of 
experiment. On the other hand, a small number of seeding particles make it 
impossible to calculate vector calculation because of a lack of the brightness 
by the particles: further description is presented in detail in Sec. 3.4.2. It was 
observed through the experiment that 10 to 12 % of the total air flow was 
appropriate for the optimal imaging measurement. The result of calibration of 
three thermal mass flowmeters is shown in Appendix B, and it was confirmed 
that the flowmeters were in good condition. 
It was essential to calculate the supply amount of fuel and air accurately 
depending on a change in their equivalence ratio. In this research, three 
gaseous fuels, hydrogen, methane, and propane, were used, and the speed 
of the research engine was 50 rpm. When the piston is at BDC, the total 
volume of the combustion chamber is 593110 mm3. Hence, the volume is 
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29655500 mm3 per minute: refer to Table 3.1. It was confirmed that the 
pressure in the cylinder of the research engine was approximately 120000 Pa 
when the piston was at BDC. As mentioned in Sec. 3.1, the scavenging ports 
and exhaust ports are opened at BDC, and the exhaust pipe is connected to 
the ventilation system at which the extract fan runs. Since the pressure was 
kept higher than the atmospheric pressure, it was presumed that the 
volumetric efficiency of the cylinder was 100% in calculating the supply 
amount of fuel and air. Given a complete combustion of stoichiometric 
methane-air mixture in which combustion products are only CO2, H2O, and N2, 
the global reaction can be simply written as follows: 
 
𝐶𝐶𝐻𝐻4 + 2(𝑂𝑂2 + 3.76𝑁𝑁2) → 𝐶𝐶𝑂𝑂2 + 2𝐻𝐻2𝑂𝑂 + 7.52𝑁𝑁2 Eq. (3.1) 
 
The amounts of methane and air per minute supplied for each intake pipe can 
be represented as Eq. (3.2) and Eq. (3.3). 
 
𝐶𝐶𝐻𝐻4 = 11 + 2 × (1 + 3.76) × 29655500 × 12 [𝑚𝑚𝑚𝑚3/𝑚𝑚𝐸𝐸𝑉𝑉] Eq. (3.2) 
 
𝐴𝐴𝐸𝐸𝑑𝑑 = 2 × (1 + 3.76)1 + 2 × (1 + 3.76) × 29655500 × 12 [𝑚𝑚𝑚𝑚3/𝑚𝑚𝐸𝐸𝑉𝑉] Eq. (3.3) 
 
For non-stoichiometric cases, the above equations can be re-formulated as: 
 
𝐶𝐶𝐻𝐻4 = 𝐴𝐴𝐸𝐸𝐶𝐶4𝐴𝐴𝐸𝐸𝐶𝐶4 + 2 × (1 + 3.76) × 29655500 × 12 [𝑚𝑚𝑚𝑚3/𝑚𝑚𝐸𝐸𝑉𝑉] Eq. (3.4) 
 
𝐴𝐴𝐸𝐸𝑑𝑑 = 2 × (1 + 3.76)
𝐴𝐴𝐸𝐸𝐶𝐶4 + 2 × (1 + 3.76) × 29655500 × 12 [𝑚𝑚𝑚𝑚3/𝑚𝑚𝐸𝐸𝑉𝑉] Eq. (3.5) 
 
where A is the coefficient of CH4. The amounts of fuel and air which are 
calculated from Eq. (3.4) and Eq. (3.5) are applied in the experimental 
condition of which the absolute pressure and temperature are 301325 Pa and 
298.15 K. As seen in Sec. 3.2.1, the flow rate data that were obtained the 
calibrations of the rotameters are applied at 201325 Pa and 294.15 K. And the 
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unit of three flowmeters for the air supply and seeding system is SLPM, that 
is, 101325 Pa and 273.15 K. Considering the flow rates of the rotameters and 
flowmeters that were mounted in the fuel and air systems, Eq. (3.4) and Eq. 
(3.5) can be represented as Eq. (3.6) and Eq. (3.7). 
 
𝐶𝐶𝐻𝐻4 = 𝐴𝐴𝐸𝐸𝐶𝐶4𝐴𝐴𝐸𝐸𝐶𝐶4 + 2 × (1 + 3.76) × 29655500 × 12 × 301325 × 294.15201325 × 298.15 Eq. (3.6) [𝑚𝑚𝑚𝑚3/𝑚𝑚𝐸𝐸𝑉𝑉]  
 
𝐴𝐴𝐸𝐸𝑑𝑑 = 2 × (1 + 3.76)
𝐴𝐴𝐸𝐸𝐶𝐶4 + 2 × (1 + 3.76) × 29655500 × 12 × 301325 × 273.15101325 × 298.15 Eq. (3.7) [𝑚𝑚𝑚𝑚3/𝑚𝑚𝐸𝐸𝑉𝑉]  
To cover the flow rates for all three gaseous fuels, the flow rate table in which 
the supply amounts of fuel and air depend on the change of equivalence ratio 
and experimental condition such as the pressure and temperature of fuel and 
air was constructed using the commercial software, Excel, see Figure 3.13. 
 
 
Figure 3.13 Table for calculating the supply amounts of fuel and air with 
respect to equivalence ratio, temperature, and pressure 
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3.2.3 Temperature control system 
In order to control the temperature of the supplied fuel-air mixture, the clamp 
band and cartridge heaters were installed. Figure 3.14 shows a schematic 
diagram of the temperature control system. A set of five 200 W and 125 W 
clamp band heaters was mounted on each intake pipe. A set of twelve 20 W 
cartridge heaters was equidistantly inserted along the cylinder wall. The sets 
of the heaters were controlled by the temperature control unit. The control unit 
consisted of three Digitron 4801 temperature controllers of which each was 
connected to a type-K thermocouple. Each controller displays the temperature 
of each part, and can set a desirable value.  
The heaters keep running till the temperature of each part reaches its set point. 
Once the temperature is below the set point, the heater starts working 
automatically when the relay of the controller is reset. The set point was 25°C 
in this experiment, and depending on the experimental circumstance the 
temperature control system was switched on or off. 
 
 
Figure 3.14 A schematic diagram of the temperature control system in 
the research engine; the figure is modified from Abdi Aghdam (2003) 
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3.3 Pressure data measurement and temperature calculation 
To clarify the experimental condition and compare the result of experiment 
with the relevant data that other researchers have published, it is crucial to 
measure the pressure and temperature when combustion starts. Moreover, 
such pressure data can be used for thermodynamic analysis. For example, 
the Leeds combustion group has employed pressure data as the input data 
for LUSIEDA, Leeds university spark ignition engine data analysis. It has 
enabled to obtain more information on the combustion process such as 
simulated in-cylinder pressure, unburned and burned gas temperature, rate of 
heat release, and others (Langridge 1995, Abdi Aghdam 2003, Hattrell 2007, 
Ling 2014). 
In order to measure instantaneous pressure in the cylinder of the research 
engine, two kinds of pressure transducers were adopted. The first pressure 
transducer was a piezoresistive transducer, Kistler type 4045 A5, which is 
named absolute pressure transducer in this research. The measurement 
range is 0-0.5 MPa. It is typically mounted on an intake or exhaust manifold in 
internal combustion engines, and is suitable for measuring static and quasi-
static pressure (KISTLER 2013). The other transducer was a quartz 
piezoelectric transducer, Kistler type 601A, which is also called dynamic 
pressure transducer in the current work. The measurement range is 0-25 MPa. 
This pressure transducer is commonly installed at a cylinder head in the 
combustion engines, and is used to measure dynamic and quasi-static 
pressure (KISTLER 2010).  
As shown in Figure 3.3 in Sec. 3.1, the absolute pressure transducer was 
mounted on the side of the cylinder wall and connected to an amplifier, Kistler 
piezoresistive amplifier type 4601A, of which the amplified signal range is 0-
10 V and was set to be 0.5 bar per voltage in this experiment. The place where 
the absolute pressure transducer is located on the cylinder wall is higher than 
the one where the uppermost exhaust ports are located. The hole of the 
cylinder for the absolute pressure transducer is fully closed by the piston when 
the crank angle is between 69.6º CA bTDC and aTDC. And the pressure data 
measured by the absolute pressure transducer is valid only when the hole is 
open. 
The dynamic pressure transducer was installed on the side of the optical 
cylinder head: refer to Figure 3.3. It has a high response rate. Its electrical 
signal was amplified with Kistler charge amplifier type 5011, of which the 
range is 0-10 V and was set to be 10 bar per voltage in the experiment. The 
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pressure data that are measured by the absolute pressure transducer just 
before it is blocked by the piston acts as reference data to correct the pressure 
data that the dynamic pressure transducer measures. Through the correction, 
the in-cylinder pressure could be acquired. Figure 3.15 shows the dynamic 
pressure re-alignment. During the engine expansion process, the mis-
alignment is observed and might be caused by a thermal shock (Ling 2014). 
The electrical signals that the absolute and dynamic pressure transducers 
generated in the experiment were stored through the data acquisition system, 
which is introduced in Sec. 3.5. To check whether both pressure transducers 
showed a good performance, the calibration were conducted regularly using 
a Budenberg dead weight tester and the relevant software. It was confirmed 
that both of them were in good condition, and the result is shown in Appendix 
C. 
 
 
Figure 3.15 Dynamic pressure referencing to the absolute pressure: the 
engine speed 100 rpm  
 
In this experiment, assuming that the compression stroke was an isentropic 
process, which is both adiabatic and reversible, the temperature of the mixture 
was simply calculated from the first law of thermodynamics for an ideal gas 
(Spalding and Cole 1973). A thermocouple for the temperature measurement 
was not installed because its response time was not short enough to 
synchronise the sampling timings of pressure data. And the limitation of the 
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space at the cylinder head existed. The equation that was used for the 
temperature calculation of a fuel-air mixture is as follows: 
 
𝑇𝑇𝑠𝑠+1 = �𝑃𝑃𝑠𝑠+1𝑃𝑃𝑠𝑠 �𝑟𝑟−1𝑟𝑟 × 𝑇𝑇𝑠𝑠 Eq. (3.8) 
𝑇𝑇: temperature 𝑃𝑃: pressure 𝑑𝑑: 1.35, ratio of specific heat 
 
 
3.4 PIV and imaging system 
Over decades, the attempts to image flame and prescribe the flow field of a 
combustible mixture in the cylinders of spark ignition engines have been made 
to investigate its characteristics such as flame speed, burning velocity and 
others for broadening the understanding of combustion phenomenon. A 
variety of techniques to image flame have been developed, including 
shadowgraph, particle image velocimetry, the schlieren photography, and so 
forth. 
The schlieren photography uses the variation of refraction index originating 
from the density gradients between a combustible mixture and the combustion 
product for a developing flame front to be detected, and natural light 
photography, which literally employs light luminosity that is emitted by the 
combustion for a flame front to be displayed, were mainly adopted in the early 
stage to closely examine the combustion process in a cylinder (Gatowski, 
Heywood et al. 1984). In the case of shadowgraph and schlieren photograph, 
it is not easy to arrange a light source, optical lens, and mirror in a research 
engine with an optical cylinder head. Especially, the mirror that is mounted on 
the top of the piston crown could cause error in the measurement owing to the 
vibration when the engine is operated. 
In natural light photography, since it uses the light as a light source that the 
combustion accompanies, how much brightly and clearly the image can be 
recorded is affected in many ways by the property of a combustible mixture. 
In the case of lean flame, the luminosity may not be enough to discriminate 
the burned area from the unburned area in the flame image (Dawood 2011). 
Through the appearance of a digital camera and its evolutions, a typical high 
speed camera which is currently used for research makes it possible to detect 
natural light stemming from the flame very sensitively. However, just because 
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the high sensitivity is guaranteed does not mean the photography can always 
materialize images without any problem. Since using electrical device means 
that it is mostly exposed to unwanted external factors just as electrical noise, 
it can be not easy to ensure a high quality of a flame image without any 
electrical noise from a high sensitivity of a high speed camera in the 
circumstance where a various kinds of electric device is used much at the 
same time like this research (Hattrell 2007). In relation to the schlieren and 
natural light imaging, according to the research carried out by Murad (2006), 
it was said that the difference between the flame images recorded by the two 
photographic techniques was not much. 
Not only does the optical methods mentioned above have been improved, but 
also there has been a big step in the particle tracer method, which is one of 
the optical techniques, with an advance in the laser technology. Laser Doppler 
Velocimetry, LDV, also named as Laser Doppler Anemometry, LDA, also uses 
a laser to measure the velocity of a fluid flow. This method uses the Doppler 
effect of a laser beam, which means that the correlation between the variation 
in frequency or wavelength of the laser for the moving fluid at a fixed, very 
small zone, practically a point, to realize the information on the flow field of a 
fluid (Finnemore and Franzini 2002, Serway and Vuille 2014). This feature of 
concentrating on a single point enables one to closely examine the fluid flow 
with a very high temporal resolution. Many researches have been carried out 
with this nonintrusive technique to learn the information on the flow field in 
engines (Nomura, Takahashi et al. 2004, Turner and Zhang 2011). 
Another technique is Laser Induced Fluorescence, LIF, or Laser Stimulated 
Fluorescence, LSF. It is one of spectroscopic methods. After a molecule in the 
fluid flow that absorbs the energy from laser light is excited in a high level of 
energy, it is recorded by a high speed camera when its energy level drops to 
the ground level spontaneously, radiating the light (Zare 2012). This technique 
has been used for detecting selective species just as OH*, CH* or seeding 
particles in a fluid, and employed in internal spark ignition engines to 
discriminate the flame front between an unburned and burned area (Neij, 
Johansson et al. 1994, Hult, Richter et al. 2002).  
Particle Image Velocimetry, PIV, is widely employed to prescribe how fluid 
moves. It can be named as Particle Tracking Velocimetry, PTV, or Laser 
Speckle Velocimetry, LSV, depending on the concentration of particles in a 
fluid flow (Adrian and Westerweel 2011). By changing the number of a camera 
and laser and altering the arrangement of experimental equipment, it is 
possible to embody a three-dimensional flow field. Compared with LDV and  
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Figure 3.16 Image examples of different flame image techniques: (A), (B), 
and (C) are cited from Ling’s research (2014). (D) is taken by Burluka, 
Hussin et al. (2011), and (E) is reproduced from the research of 
Deschamps, Smallwood et al. (1996). (F) was recorded from LUPOE-2D 
by the author. The engine speed was 50 rpm, and spark timing 2 oCA 
bTDC, using the stoichiometric methane-air mixture. 
 
LIF, the main advantage of PIV is to obtain information on the flow field of a 
much larger area, ensuring an appropriate temporal resolution with a high 
speed camera and laser. Except for the techniques mentioned so far, there 
are other methods like Hot Wire Anemometry, HWA, and Doppler Global 
Velocimetry, DGV, also named Planar Doppler Velocimetry, PDV, which is 
suitable for investigating a high speed gas flow. More detailed description 
about the other techniques can be found in the relevant references (Merzkirch 
1984, Bruun 1995, Finnemore and Franzini 2002, Nieuwstadt 2012). 
There were the two main purposes of this research in using PIV images. The 
first objective was to derive flame contour images from the developing flame 
images in the reciprocating combustion chamber. The flame contour images 
were used to measure their flame propagation speeds. The second objective 
was to obtain the information on the flow field of the fuel-air mixture ahead of 
each flame front with high spatial resolution and appropriately high temporal 
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resolution. The flow fields were used to measure unburned gas velocity at 
each flame front. In order to achieve both goals simultaneously, the PIV 
system was adopted in this research. 
 
 
3.4.1 Principle of PIV 
Although the advance of technology always has the bright and dark side like 
a coin, it is obvious that it has contributed to a rise in the reliability of results 
of scientific experiment. Solid mechanics is the first academic field where laser 
speckle, which is followed by the present PIV technique, was originally used 
for the measurement of flow velocity. Several research groups tried to use the 
technique to realise whether it could be adopted to prescribe a fluid flow field 
in 1970s (Adrian 2005). As illumination, recording, evaluation techniques, and 
computer technology had advanced consistently, the interest in the PIV 
technique gradually increased. Having secured the reliability of the techniques 
and improved the relevant theories, nowadays, the measurement of a fluid 
flow velocity and its evaluation through this method are widely carried out 
(Adrian and Westerweel 2011). 
Currently, a typical PIV system consists of three components, a light source, 
recording device, and seeder or atomizer, which produces a fluid flow with 
tracing particles. In most of the laboratory flow measurements, the tracers are 
supplied in the fluid flow, and are illuminated by using the lighting system 
which is comprised of several optical lenses and a light source passing 
through the arrangement. The number of times to illuminate the seeding 
particles within a very short time is typically at least twice, and the scattered 
light of the tracking particles in the time is stored by recording device as a type 
of image files. Depending on the type of recording device, the images that are 
taken within the short time can be saved either as a single image by 
superimposing them or two separate images, which is referred to as single 
frame or single exposure and double frame or double exposure respectively. 
According to how the image of the tracer particles is recorded, the way of 
evaluating the image is also different. It is a statistical method including auto 
correlation and cross correlation. By evaluating the recording, the 
displacement of the particles between the separate illuminating time is 
measured (Raffel, Willert et al. 2007, LaVision 2010). 
Figure 3.17 briefly shows the typical configuration of a two-dimensional PIV 
system. A tiny size of tracing particles are supplied in a fluid flow. In the PIV  
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Figure 3.17 General arrangement of a two-dimensional PIV system; the 
figure is reproduced from the manufacturer manual (LaVision 2010) 
 
technique, it is assumed that the tracing particles follows the movement of the 
fluid and all of them move homogeneously in the flow field (Raffel, Willert et 
al. 2007). During a short time, the PIV laser sheet illuminates a plane in the 
fluid flow twice, which is made up of the fluid and seeding particles. The time 
delay, dt, between the first and second illumination, t1 and t2, has to be 
adjusted to find out the optimal point, considering the average speed of the 
flow and the size of an interesting area, which is shown in Figure 3.17 as Field 
of view. The image that contains the scattered light of the seeding particles is 
captured by a high speed digital camera, of which the position is typically 
perpendicular to the plane of the laser sheet. Depending on the selection of 
single or double frame mode, the scattered light image can be saved on the 
image sensor of the camera as a single or double frame. Subsequently, the 
images are directly saved in real time in a computer. 
Each digital PIV image is divided into a small size of area, which is referred to 
as interrogation area or interrogation window. The local displacement of the 
tracer particles in the interrogation window between two illuminations is 
measured through statistical methods, which are auto correlation and cross 
correlation. And then it is scaled according to the image magnification, which 
requires the process of carrying out calibration before the actual experiment. 
Subsequently, the local displacement is divided by the time between two 
illumination pulses. Through these steps, one flow vector at the relevant 
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interrogation window is calculated. The process of obtaining the flow vector of 
each interrogation window is proceeded to the entire field of view of all the 
stored images. 
Although a PIV system can be equipped with a cutting-edge laser, high speed 
camera, seeder and other necessary components, the PIV technique would 
be disregarded by many researchers if the fundamental assumptions were far 
away from the practical application. Especially, the key of the assumptions is 
whether tracking particles would be able to follow a fluid well in the allowable 
margin of error. A small size of particles are advantageous in tracing the fluid 
due to its size against fluid friction for sure, whereas it is difficult to be said 
that they are good in terms of how well their lights can be scattered because 
of the same reason. In the case of a relatively large size of particles, the 
situation is directly opposite. The relationship between a particle size and its 
scattered light seems to be trade-off. The size of tracking particles and the 
light-scattering efficiency should be compromised to some point. In order to 
ensure that tracing particles move with the local flow, the choice of a tracing 
particle material should be careful. 
 
𝑈𝑈𝑔𝑔 = 𝑑𝑑𝑝𝑝2 (𝜌𝜌𝑝𝑝 − 𝜌𝜌𝑓𝑓)18𝜇𝜇𝑓𝑓 𝑔𝑔 Eq. (3.9) 
 
𝑈𝑈𝑙𝑙𝑎𝑎𝑔𝑔 = 𝑈𝑈𝑝𝑝 − 𝑈𝑈𝑓𝑓 = 𝑑𝑑𝑝𝑝2 (𝜌𝜌𝑝𝑝 − 𝜌𝜌𝑓𝑓)18𝜇𝜇𝑓𝑓 𝐸𝐸𝑓𝑓 Eq. (3.10) 
 
𝜏𝜏 = 𝑑𝑑𝑝𝑝2 𝜌𝜌𝑝𝑝18𝜇𝜇𝑓𝑓 Eq. (3.11) Ug: gravitationally induced velocity dp: diameter of particle 
ρp: particle density velocity ρf: fluid density 
µf: fluid dynamic viscosity g: acceleration of gravity Ulag: lag velocity Up: particle velocity Uf: fluid velocity af: fluid acceleration τ: relaxation time  
 
Through the equations above, the lag that occurs between the fluid velocity 
and particle velocity and the relaxation time can be estimated. Based on Eq. 
(3.9) of which the velocity Ug is caused by gravity, which is known as Stokes 
drag law, Eq. (3.10) is derived (Finnemore and Franzini 2002). This can be 
applied under the assumption that the Reynolds number of particles in the 
fluid is very low (Raffel et al. 2007). 
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In this research, olive oil was adopted as a seeding particle material. As 
described in Sec.3.2.2, the air containing olive oil particles was supplied to the 
separate air supply pipeline, and the olive oil was added to the pipeline in 
aerosol state where the liquid was divided finely and uniformly by air in the 
atomizer. According to the relevant researches (Melling 1997, Raffel et al. 
2007, Adrian and Westerweel 2011), the diameter of a seeding particle of olive 
oil is about 1 µm, and may vary depending on an experimental condition. 
In order to calculate the lag velocity Ulag and relaxation time τ in Eq. (3.10) and 
Eq. (3.11), it is presumed that the fluid is air and obeys the ideal gas law, and 
the density of olive oil is constant, i.e. there is no the variation of the volume 
with respect to the change of temperature at constant pressure where its 
phase keeps the same and the diameter of a seeding particle of olive oil is 1 
µm. Where the pressure and temperature is 101325 Pa and 293.15 K, which 
is atmospheric pressure and 20℃, the density of air and olive oil is 1.204 and 
920 kg/m3 respectively. In the same condition, the dynamic viscosity of the 
tracking particle is 18 x 10-6 N·s/m3 (Finnemore and Franzini 2002). Where 
the acceleration of the fluid is 1000 m/s2, provided that the enormous 
acceleration takes place in the fluid, it can bring about such the acceleration 
in reality (Adrian and Westerweel 2011). In this condition, the lag velocity and 
relaxation time is 2.836 mm/s and 2.840 µs. Hence, since the acceleration of 
the fuel-air mixture in the experimental condition of this research was even 
smaller than the one in the condition of this assumption, the lag velocity and 
relaxation time could be neglected. Evidently, it is meant that olive oil in the 
current research performs its duty of tracing the fluid to show the information 
on the fluid flow field. 
However, it should be noted that the relaxation time τ should also be 
considered to be important information when the time delay dt between two 
separate illuminations in Figure 3.17 is adjusted to find out the optimal value. 
The time delay between the double pulses in the current work was 100 µs. 
This means that at least 3 % of error existed in calculating the velocity vectors 
of the fuel-air mixtures even though the seeding particles in this experiment 
ideally traced the unburned gas. 
 
 
3.4.2 Used set-up 
In this research, a continuous wave neodymium-doped yttrium lithium fluoride 
laser, which is referred to as a Nd-YLF laser, was used as a light source. The  
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Figure 3.18 Photograph of each component in the PIV system used in 
this research 
 
maximum power of the laser at 1 kHz is 10 mJ, and the maximum repetition 
rate is 10 kHz. Its wavelength and pulse duration are 527 nm and 100 ns 
respectively. HighSpeedStar6 HSS6 775K-M1 mode was employed as a high 
speed digital camera. The sensor type of the camera is complementary metal-
oxide semiconductor, CMOS. Each pixel in an image which is taken by the 
high speed digital camera is read individually (Holst and Lomheim 2007). 
Where the image rate is 2.5 kHz, the maximum resolution is 1024 x 1024 
pixels. The image rate can be adjusted up to 20 kHz when the resolution is 
512 x 512 pixels. When the high speed camera is used in the double frame 
mode, the minimum inter-frame time is less than 1 µs. Its sensor pixel size is 
20 x 20 µm. One pixel in an image that is captured by this camera is 
represented in 12 bit, that is, the range of the intensity of one pixel is from 0 
to 4095. In the current research, the repetition rate of the laser and the image 
rate of the high speed camera was 2.5 kHz, and the resolution was 1024 x 
1024 to secure high spatial resolution in the given experimental condition. 
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Figure 3.19 Photograph and configuration of light sheet optics: the 
figure is reproduced and modified from the manufacturer manual 
(LaVision 2013) 
 
Although the trigger signal to operate the PIV system was transmitted from 
the engine control system, which is described in Sec. 3.5, the Nd:YLF laser 
and high speed camera were operated by the internal signals of the separate 
controller, which is called high speed controller. After receiving the trigger 
signal from the engine control system, the high speed controller transmits 
trigger signals to the laser and camera, and each time resolution is 10 ns. TSI 
Six-Jet-Atomizer Model 9306A was used as an atomizer to add the tracing 
particles to the air supply system.  
In order to convert a laser beam into a type of sheet to illuminate tracking 
particles homogenously and broadly dispersed inside the optical cylinder head 
of the research engine, it is essential to arrange a set of lenses properly. In 
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this experiment, the LaVision light sheet optics, which is comprised of a series 
of lenses, was adopted: see the configuration of the light sheet optics in Figure 
3.19. The light sheet optics is composed of one cylindrical lens and two 
telescope lenses. The focal length of the cylindrical lens fa was -20 mm, and 
the laser beam diameter was approximately 5 mm. The aperture angle of the 
light sheet α was 14.3 º, which was calculated with Eq. (3.12) and Eq. (3.13) 
that show the relationship between the focal lengths of lenses of the light sheet 
optics (LaVision 2014). 
 
𝛼𝛼 = 2𝐸𝐸𝑑𝑑𝑐𝑐𝑡𝑡𝐸𝐸𝑉𝑉 𝑑𝑑2𝑓𝑓𝑎𝑎 Eq. (3.12) 
 
𝑓𝑓 = 𝑓𝑓1 × 𝑓𝑓2
𝑓𝑓1 + 𝑓𝑓2 − 𝐷𝐷 Eq. (3.13) 
𝛼𝛼: aperture angle of light sheet 𝑑𝑑: laser beam diameter 
𝑓𝑓𝑎𝑎: focal length of cylindrical lens 𝑓𝑓: focal length of light sheet optics 
𝑓𝑓1: focal length of telescope 1 𝑓𝑓2: focal length of telescope 2 
𝐷𝐷: length between two telescope lenses 
 
The focal length of the light sheet optics was 390 mm, which is the length 
between the centre of the piston crown and the cylindrical lens front. In order 
for the beam waist to be closest to the centre of the piston crown of the 
research engine, the location of the light sheet optics and its moveable lens, 
telescope lens 2 in Figure 3.19, were adjusted, checking that the thickness of 
the laser sheet at the centre was minimum. By burning black paper that was 
perpendicular to the laser sheet optics and located at the centre of the piston 
crown, the thickness of the laser sheet was checked. It was crucial to minimize 
the thickness of a laser sheet because the undesirable scattered light of 
tracing particles that could stem from other vertical layers, not the interest 
plane, could be captured in a PIV image. This would cause false vector data 
in the process of calculating the flow field. Hence, the thickness of the laser 
sheet was checked, and was almost 1 mm. Note that the invasion of 
undesirable scattered light of the tracer particles from other vertical layers is 
unavoidable unless the thickness of the laser sheet is thin enough. 
It was also important to adjust the vertical position of the laser sheet. As 
mentioned in Sec. 3.1, the gap between the tip of the spark plug and the top 
of the piston crown when it was at TDC was approximately 4 mm. In order for 
the laser sheet to pass through the narrow space without any obstacle, the  
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Figure 3.20 Calibration result of the high speed camera 
 
proper position of the laser head were located vertically, and the inclination 
degree of the mirror was adjusted. 
After arranging each component properly, the calibration of the high speed 
digital camera was carried out using the commercial software, DaVis, to 
correct an image due to the position of the camera, which was not accurately 
perpendicular to the plane of interest and to make the desirable coordinate 
system for a PIV image. For the calibration, a 1.5 mm thickness of the 
calibration plate with dot marks was used. The distance between dots was 5 
mm, and the diameter of the dot was 1 mm. The vertical focal point of the 
camera was about 1.5 mm higher than the top of the piston crown when it was 
at TDC. The result of the calibration is shown in Figure 3.20. The blue square 
in Figure 3.20 (A) is the centre of the calibration plate and piston crown. To 
align the centre of the calibration plate with that of the piston vertically, the 
separate cast was made and used. The dimension of the interest area was 40 
x 40 mm2, and the distance between pixels was 0.0409 mm. 
Figure 3.21 shows the example of the device offset setting. The device offset 
represents the time delay between the timing when the high speed controller 
gives a signal to the laser and the one when the laser pulse is emitted. It is 
obvious that each pulse of the laser has to align with each frame of an image. 
As seen in Figure 3.21 (b), the pulse A has to be emitted at the1st frame in 
the ith image, and the pulse B also has to be emitted at the 2nd frame. If 
undesirable device offset were set up, seeding particles would not appear in  
 
(A) Detection of dot marks   (B) New coordinate system    
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Figure 3.21 Adjustment of the device offset: the figure is reproduced and 
modified from the manufacturer manual (LaVision 2012) 
 
one of two frames because they are not illuminated when the image is taken: 
refer to Figure 3.21 (a). 
Before the start of the experiment, the device offset was checked, and the 
values were adjusted: one of two pulses was emitted, and then it was 
confirmed whether the PIV image was recorded in the corresponding frame. 
The device offset values are represented in Table 3.3. The high speed 
controller that transmitted trigger signals to the laser and high speed camera 
was checked in order to realise whether it provided the sub-components with 
the signals accurately after it received the trigger signal from the engine 
control system, which is shown in Figure 3.41 in Sec. 3.5. It was confirmed 
that the high speed controller was in good condition. Table 3.3 shows the 
specification of each component of the PIV system and its setting values that 
were used in the current experiment. Of the items in the table, the items not 
mentioned so far such as interrogation window size, overlap, shape, and 
others are described in Sec. 3.4.3. 
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Table 3.3 Specification of the PIV system and setting values which was 
used in the experiment 
Item Value 
Laser  
Type Nd:YLF 
Maximum power 10 mJ at 1 kHz 
Maximum repetition rate 10 kHz 
Wavelength 527 nm 
Pulse duration 100 ns 
Camera  
Type CMOS 
Maximum resolution 1024 x 1024 pixels at 2.5 kHz 
Maximum image rate 10 kHz at 512 x 512 pixels 
Minimum frame transfer time < 1 µs 
Minimum exposure time 1 µs 
Sensor pixel size 20 µm x 20 µm 
Digital output 12 bit (0 - 4095) 
Lens focal length 105 mm 
Lens maximum aperture and scale f/4.5, f/4.5 – f/32 
High speed controller  
Output signal TTL 
Time resolution 10 ns 
Trigger source Internal generator / external TTL 
input 
Image trigger Internal / external 
Atomizer for seeding  
Number of jets 6 
Mean droplet diameter 0.35 µm for water 
1 – 5 µm for olive oil 
Particle concentration > 106 particles/cm3 
Particle material olive oil, PSL(polystyrene latex), and 
others 
Flow rate per jet 6.5 L/min at 170 kPa 
12 L/min at 380 kPa 
Maximum in-outlet pressure 550 / 102 kPa 
Set values at the current research  
Laser-repetition rate 2.5 kHz 
Camera image rate 2.5 kHz 
image mode Double frame 
image resolution 1024 x 1024 pixels 
Lens focal length 105 mm 
Lens aperture f/4.5 
High speed controller-trigger 
source 
External TTL input  
image trigger internal 
Atomizer particle material Olive oil 
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Item Value 
Number of used jets 6 
supply amount of air+seeding 
particle 
10-15 % of the total fuel-air mixture 
[vol] 
Area of interest 40 x 40 mm2 
Inter-frame time (dt) 100 µs 
Interrogation window size 32 x 32 pixels 
Interrogation window overlap 75 % 
Interrogation window shape adaptive 
Particle size 1 - 2 pixels 
Device offset  
Laser Pulse A 0 µs Pulse B -5 µs 
camera 1st 
frame 
0 µs 2nd 
frame 
0 µs 
 
 
Figure 3.22 Double-frames flame propagation image which was taken 4 
ms after the start of the ignition: the experimental condition is that CH4-
air mixture, equivalence ratio 1.0, engine speed 50 rpm, ignition timing 
22.0 bTDC, initial pressure and temperature at the start of ignition 6 bar 
abs / 460 K. Refer to the set values in Table 3.3. 
 
 
3.4.3 Derivation of the flow field from the PIV images 
The primary research objective is to measure flame propagation speed, 
unburned gas velocity, and burning velocity. To do so, it is essential to obtain 
the desirable flow field of unburned gas from PIV flame images. This section 
presents how to calculate the flow velocity vectors of unburned gas. The 
imaging mode that was used in the current work was double frame mode, i.e. 
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one image consists of two separate sub-images. Each of them is named 1st 
and 2nd frame in this paper respectively, and as mentioned in Sec. 3.4.1, 
cross correlation was carried out. 
After PIV images are taken by the high speed CMOS camera, each frame in 
the image is divided into a certain size of area, which is the interrogation 
window. Most of the commercial software programs conduct the correlation 
computation in the frequency domain using fast Fourier transform, FFT. The 
intensities of pixels in an interrogation window are transformed into frequency, 
and the location where the maximum frequency appears is found. 
Subsequently, inverse fast Fourier transform, IFFT, is conducted (Raffel, 
Willert et al. 2007). Correlation plane of which the interrogation window is 
located at image position x0, y0 can be represented as follows (LaVision 2010): 
 
𝐶𝐶(𝑥𝑥0,𝑦𝑦0) = 𝐼𝐼1�(𝑥𝑥0,𝑦𝑦0, 𝑡𝑡) ∙ 𝐼𝐼2�(𝑥𝑥0,𝑦𝑦0, 𝑡𝑡 + 𝑑𝑑𝑡𝑡) Eq. (3.14) 
 
where 𝐼𝐼1���  and 𝐼𝐼2���  are the values into which the functions of I1 and I2 are 
converted through the Fourier transform respectively. The change of the 
position of the maximum correlation peak in the correlation plane from time t 
to t+dt is almost in accordance with the displacement of the particles in the 
interrogation window. By dividing the displacement by the inter-frame time dt, 
the velocity vector at image position x0, y0 can be calculated. Eq. (3.15) 
represents the calculation. 
 
𝑉𝑉𝑜𝑜(𝑥𝑥0,𝑦𝑦0),𝑉𝑉𝑑𝑑(𝑥𝑥0,𝑦𝑦0) = 𝑃𝑃𝐿𝐿𝐸𝐸𝑘𝑘 𝑝𝑝𝑟𝑟𝑠𝑠𝐸𝐸𝑡𝑡𝐸𝐸𝑟𝑟𝑉𝑉 𝐸𝐸𝑉𝑉 𝐶𝐶(𝑥𝑥0,𝑦𝑦0, 𝑡𝑡 + 𝑑𝑑𝑡𝑡) − 𝑃𝑃𝐿𝐿𝐸𝐸𝑘𝑘 𝑝𝑝𝑟𝑟𝑠𝑠𝐸𝐸𝑡𝑡𝐸𝐸𝑟𝑟𝑉𝑉 𝐸𝐸𝑉𝑉 𝐶𝐶(𝑥𝑥0,𝑦𝑦0, 𝑡𝑡)
𝑑𝑑𝑡𝑡
 
Eq. (3.15) 
 
By applying the correlation computation that is mentioned in Eq. (3.14) and 
Eq. (3.15) to the entire area of a PIV image, its flow field can be obtained. 
Figure 3.23 shows a series of steps to process PIV images for the calculation 
of velocity vectors of a flow field. There are several commercial software 
programs that are used for a PIV system. Of them, the commercial software 
that was used in the current research was DaVis, which was made by LaVision. 
Of the features with which this software is equipped, several functions and the 
setting values used in this experiment are described below. 
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Figure 3.23 2D flow field calculation with the use of cross correlation 
 
 
 
Figure 3.24 Iteration of calculation of an interrogation window reflecting 
the flow gradient that is obtained from the previous calculation: the 
figure is cited from the manufacturer manual (LaVision 2010) 
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The iteration function was used, which repeats the process of calculating the 
velocity vectors of a flow field as many times as the setting value. During the 
iteration, which is sometimes called another term “multi pass”, the position of 
the interrogation window can be shifted, considering the flow gradient that is 
calculated in the initial or previous calculation. This makes it possible to 
reduce the number of particles that ran out of the interrogation window in the 
second frame. Figure 3.24 shows the comparison of the cases that the 
iteration function is activated (a) and not (b). By applying this feature to the 
processing, the reliability of the calculation result could be enhanced (Keane 
and Adrian 1990). 
The main factors in the determination of the separation time dt between two 
frames are the flow gradients and interrogation window size of PIV images. 
For the accurate calculation of a velocity field, the tracking particles that are 
taken in the interrogation window of the first frame do not have to deviate from 
the one of the second frame. According to Keane and Adrian (1990), the 
displacement of particles in an interrogation window should be smaller than a 
quarter of the entire interrogation window size. For example, where the 
interrogation window size is 32 x 32 pixels and dt is 100 µs, the displacement 
should be smaller than 8 pixels, of which the calculated velocity is 3.2 m/s in 
a horizontal or vertical direction.  
Figure 3.25 shows the velocity vector maps in motoring cycles. The PIV 
images were taken at 36.2, 27.6, 22.0 º CA bTDC, and TDC. The speed of the 
research engine was 50 rpm, and the fluid consisted of air and olive droplets. 
The velocity vector maps were plotted where the separation time dt between 
two frames was 100 µs, the size of the interrogation window was 32 x 32 pixels, 
and the overlap percent between two adjacent interrogation windows was 
75 %. The mean velocities in (A), (B), (C), and (D) are the spatially-averaged 
values in each flow field: refer to Appendix A. As the recorded timing 
approached TDC, the mean velocity gradually increased. 
When combustion proceeds, the velocity of unburned gas in the vicinity of a 
flame front is changed by the effect of the thermal expansion that the burned 
gas causes (Balusamy et al. 2011, Long and Hargrave 2011, Burluka 2015). 
Since seeding particles nearby the flame front do not deviate from an 
interrogation window, it is essential to set up an interrogation window size, 
overlap percent between two adjacent interrogation windows, and the shape 
of an interrogation window properly. The set values were adjusted 
appropriately with trial and error, and Figure 3.26 shows the results.  
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Figure 3.25 Flow fields of the velocity vectors at motoring cycles: 
recorded timing: 36.2 (A), 27.6 (B), 22.0º CA bTDC (C), and TDC (D) 
 
As seen in Figure 3.26 (a), depending on an interrogation window size, a lot 
of false velocity data can be calculated. Especially, when an interrogation 
window size was smaller than 32 x 32 pixels, the velocity data were not reliable. 
On the other hand, where an interrogation window size was 64 x 64 pixels, 
although the false velocity did not occur and the velocity data was credible, 
the number of the data was small to be analysed. Similarly, as shown in Figure 
3.36 (b), where the overlap percent between two adjacent interrogation 
windows was 25 and 50 %, the number of the velocity data in the entire flow 
field was relatively small. And a lot of the false velocity vectors took place at 
87.5 %.  
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 - 71 - 
 
 
 
(a) Variation of flow field in terms of interrogation window size  
(b) Variation of flow field in terms of overlap percent  
between two adjacent interrogation windows  
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Figure 3.26 Variation of a flow field in terms of the changes of an 
interrogation window size, overlap percent between two adjacent 
interrogation windows, and the shape of an interrogation window: the 
experimental condition was H2-air mixture, equivalence ratio: 0.4, the 
time when the images were taken at 26.4 ms after ignition / the start of 
ignition 27.6 bTDC / engine speed 50 rpm. 
 
To achieve the more accurate result of local flow field calculation, the shape 
of an interrogation window was also be adjusted using the internal function, 
adaptive interrogation window. This function is usually used to find out the 
optimum shape of an interrogation window, considering the quality of a PIV 
image and the flow gradient that is calculated from the initial or previous result. 
And this function works with the iteration function mentioned above. Hence, 
the interrogation window size and shape are adjusted referring to the result of 
the previous evaluation (Wieneke¹ and Pfeiffer¹ 2010). In summary, the set 
values of the separation time, interrogation window size, overlap percent, and 
shape that were adopted in the current work were 100 µs, 32 x 32 pixels, 75 %, 
and adaptive mode respectively. 
When a digital image is dealt with, it should be noted that peak locking effect, 
which is usually referred to as spatial aliasing in signal processing, might take 
place when velocity vectors are calculated. The effect means that velocity data 
in the flow field have a bias toward the nearest integer velocity value 
(Overmars, Warncke et al. 2010). For example, although the value of a real 
flow velocity is 0.4 or 1.6, the calculation may be made of 0 or 2. The pheno- 
(c) Variation of flow field in terms of interrogation window shape  
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Figure 3.27 Peak locking effect for small and big particle image size; the 
figure was reproduced from the manufacturer manual (LaVision 2010) 
 
-menon may occur when the size of tracking particles is too small, compared 
with the pixel size of an image. Or where a pixel size is much larger than the 
size of a seeding particle, peak locking effect may be observed. The reason 
why peak locking effect occurs is that the spatial resolution is not sufficient for 
the image to be processed (Raffel, Willert et al. 2007). Prior to the actual 
measurement, whether the peak locking effect took place or not was checked 
by investigating the distribution of the flow velocity vectors using the 
probability density function (LaVision 2010).  
Figure 3.27 shows the examples of the probability density function of flow 
velocity vectors. If peak locking effect does not take place or the effect is very 
small, pixels in fraction are evenly distributed, which is seen Figure 3.27 (a). 
On the contrary, where peak locking effect occurs because the inappropriate 
resolution of an image is selected or the pixel size of a seeding particle is too 
small, the distribution of pixel in fraction becomes similar to the rightmost 
graph of Figure 3.27(b). The occurrence of peak locking effect means that the 
reliability of velocity data that are calculated from PIV images should be 
doubtful. When peak locking effect happens, it is essential to change image 
resolution or the material of a seeding particle.  
Velocity  Velocity [pixel] Pixel [fraction] 
Velocity  Velocity [pixel] Pixel [fraction] 
(a) Graph of probability density function 
in the case of a proper particle image size 
(b) Graph of probability density function 
in the case of an improper particle image size 
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Figure 3.28 shows the result of peak locking effect in the present work. The 
combustible mixture was the hydrogen-air mixture, and its equivalence ratio 
was 1.0. The research engine was operated at 50 rpm, the timing when the 
PIV image started to be recorded was 27.6 º CA before TDC, and the material 
of a seeding particle was olive oil. Figure 3.28 (a-2) and (b-2) are the 
histograms of the first decimal place that is relevant to a velocity vector in the 
x- and y- direction, which means that the integer value of a velocity is cut. For 
example, if the value of a velocity in x-direction, Vx, is 1.234 in pixels, the value 
in the histogram will be 0.234 in pixel. Although the histogram (a-3) and (b-3) 
are also the histograms of the first decimal place which corresponds to a 
velocity vector, the range of interest in the first decimal place is from 0 to 0.5 
in pixel. 
Changing the resolution of a PIV image, it was investigated whether peak 
locking effect occurred or not. As shown in histogram (a-2) and (a-3) in Figure 
3.28, in the case that the resolution of the PIV image was 512 x 512 pixels, 
the values of the velocity vectors in x- and y- direction were biased toward the 
both side. The mode in histogram (a-2) appeared at zero or near one, and the 
mode in histogram (a-3) did also the highest at zero. This means that the peak 
locking effect occurred. The graph (b-1), (b-2), and (b-3) are the result where 
the resolution of the PIV image was 1024 x 1024 pixels. Except for the change 
of the resolution, other experimental conditions were not altered. As seen in 
the histogram (b-2) and (b-3), the values of the velocity vector data were 
evenly distributed without the bias toward zero or one, and it was confirmed 
that 1024 x 1024 pixels was a desirable resolution in obtaining trustworthy 
velocity data. The peak locking effect value, which is shown in Figure 3.28 (a-
3) and (b-3), is an index to estimate how much peak locking effect is caused. 
It is calculated as follows (LaVision 2010): 
 
𝑃𝑃𝐿𝐿𝐸𝐸𝑘𝑘 𝐸𝐸𝑟𝑟𝑐𝑐𝑘𝑘𝐸𝐸𝑉𝑉𝑔𝑔 𝐿𝐿𝑓𝑓𝑓𝑓𝐿𝐿𝑐𝑐𝑡𝑡 𝑣𝑣𝐸𝐸𝐸𝐸𝑢𝑢𝐿𝐿= 4 × (0.25 − 𝑐𝑐𝐿𝐿𝑉𝑉𝑡𝑡𝐿𝐿𝑑𝑑 𝑟𝑟𝑓𝑓 𝑚𝑚𝐸𝐸𝑠𝑠𝑠𝑠 𝑟𝑟𝑓𝑓 ℎ𝐸𝐸𝑠𝑠𝑡𝑡𝑟𝑟𝑔𝑔𝑑𝑑𝐸𝐸𝑚𝑚) Eq. (3.16) 
 
The calculation was made from the centre of mass of the histogram (a-3), and 
the value was 0.7613. Where the value is zero, it is meant that there is no 
peak locking effect in velocity data. In contrast, when the value is one, it means 
that a strong peak locking effect occurs. In the case that the peak locking 
effect value is less than 0.1, the reliability of the velocity vector data is 
acceptable (LaVision 2010). 
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(a-1) Distribution of velocity vectors 
derived from 512 x 512 pixels of a PIV image  
(a-2) Distribution of values in the first decimal place of velocities 
in a 512 x 512 pixels of a PIV image  
(a-3) Distribution of values equal to or less than 0.5 in the first decimal  
place of velocities in a 512 x 512 pixels of a PIV image  
Peak locking effect value = 0.7613 
Unreliable velocity vector calculation 
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Figure 3.28 Results of checking the occurrence of peak lock effect: fuel 
H2-air mixture / equivalence ratio 1.0 / data collected at 4 ms after the 
start ignition / data collection timing: 27.6 º bTDC / engine speed 50 rpm 
(b-1) Distribution of velocity vectors 
derived from 1024 x 1024 pixels of a PIV image  
(b-3) Distribution of values equal to or less than 0.5 in the first decimal  
place of velocities in a 1024 x 1024 pixels of a PIV image  
(b-2) Distribution of values in the first decimal place of velocities 
in a 1024 x 1024 pixels of a PIV image  
Peak locking effect value = 0.027 
Acceptable 
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Figure 3.29 An example of processing and post-processing of a PIV 
image. Fuel: H2-air mixture / equivalence ratio 1.0 / data collected at 4 ms 
after ignition / ignition timing: 27.6 ºbTDC / engine speed: 50 rpm 
 
One of the strengths in adopting PIV technique is that the flow field data that 
are obtained through the process mentioned above can be used repeatedly 
for their derivatives. In this research, using velocity vector data, additional 
useful calculation was conducted to obtain the vorticity in a flow field to 
investigate the correlation between how much wrinkled a flame front was and 
the flow field ahead of the flame front. Figure 3.29 shows an example of 
calculation of the velocity data. The combustion mixture in the figure was the 
stoichiometric hydrogen-air mixture. The timing when the flame image was 
taken was at 4 ms after ignition, and the ignition timing was 27.6 º CA before 
TDC. The speed of the research engine was 50 rpm. And the equation for the 
calculation of the vorticity is shown in Eq. (3.17). 
 
𝑉𝑉𝑟𝑟𝑑𝑑𝑡𝑡𝐸𝐸𝑐𝑐𝐸𝐸𝑡𝑡𝑦𝑦 = 𝜕𝜕𝑉𝑉𝑜𝑜
𝜕𝜕𝑦𝑦
−
𝜕𝜕𝑉𝑉𝑑𝑑
𝜕𝜕𝑥𝑥
 Eq. (3.17) 
 
Prior to the actual experiment, it was essential to make sure whether the 
combustion condition inside the cylinder of the research engine was laminar 
or not when the combustion started. Hence, the ensemble-average mean 
velocity that is mentioned in Appendix A was measured. 
From Figure 3.30 to Figure 3.33, the velocity vectors in each flow field and the 
corresponding scalar maps are shown. The size of the area of interest was 40 
x 40 mm2, and the resolution of the raw PIV images was 1024 x 1024. When 
the flow fields were recorded, the speed of the research engine was 50 rpm. 
The flow field were obtained with respect to the recorded timing. The 
Raw image Velocity vector map Vorticity map 
Post-processing Processing 
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distinguishable colour in the scalar maps in Figure 3.30 to Figure 3.33 
represents the absolute value of the corresponding velocity vectors: see Eq. 
(3.18) 
 
�𝑉𝑉𝑔𝑔(𝑥𝑥, 𝑦𝑦)� = �𝑉𝑉𝑔𝑔𝑜𝑜(𝑥𝑥,𝑦𝑦)2 + 𝑉𝑉𝑔𝑔𝑑𝑑(𝑥𝑥,𝑦𝑦)2 Eq. (3.18) 
 
where Vgx and Vgy are the velocity vector in the horizontal and vertical direction 
respectively. 
Figure 3.34 shows the change of the mean velocities that are related to the 
scalar maps in Figure 3.30 to Figure 3.33. When the speed of the research 
engine was run at 50 rpm, the values of the mean velocities were 0.11, 0.12, 
0.18, and 0.24 m/s at 36.2, 27.6, 22.0º CA before TDC, and TDC respectively. 
As the piston approached the TDC, the mean velocity had a tendency to rise. 
The most of the velocities in the four scalar maps in Figure 3.30 to Figure 3.33 
were less than 0.3 m/s.  
Figure 3.35 shows the scalar maps of the velocity vectors in the flow fields 
with respect to the speed of the research engine, and the timing to record the 
corresponding images was when the piston was at TDC. The change of the 
mean velocities of the maps is seen in Figure 3.36. The values of the mean 
velocities were 0.24, 0.40, 0.42, and 0.47 m/s at an engine speed of 50, 100, 
150, and 200 rpm respectively. As the engine speed rose, the mean velocity 
progressively increased. Considering the simplified geometry of the research 
engine through the elimination of the undesirable components mentioned in 
Sec. 3.1, the engine speed seems to be the main factor in the rise of the mean 
velocity, and the relevant results can found in the other literature (Hall and 
Bracco 1987, Ling 2014). 
In this research, the experiments were carried out at 36.2º CA before the TDC 
when the research engine was run at 50 rpm. In the same condition, the 
experiment was conducted at least 100 times using each combustible mixture. 
The results of the experiment were very similar. The results discussed in 
Chapter 5 are representatives of many experiments. According to the result 
of the experiments which were conducted in the similar condition (Chen 2016), 
the values of the mean velocity are similar to the result of this research, and 
the root-mean-square velocity is 0.23 m/s when the piston was at 22º CA 
before the TDC. In addition, as seen in Figure 3.30 to Figure 3.33, it seems 
difficult to find out a bulk flow that can cause intense turbulence inside the 
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cylinder. Therefore, it was assumed that the combustion condition in this 
research was laminar. 
 
 
Figure 3.30 Velocity vectors in the flow field (A) and its scalar map (B): 
engine speed 50 rpm, recorded timing 36.2 º CA before TDC 
 
 
Figure 3.31 Velocity vectors in the flow field (A) and its scalar map (B): 
engine speed 50 rpm, recorded timing 27.6 º CA before TDC 
 
[mm] 
[m
m
] 
[mm] 
[m
m
] 
[m
/s
] 
0.05 
0.0 
0.1 
0.15 
0.2 
(A) (B) 
[mm] 
[m
m
] 
[mm] 
[m
m
] 
[m
/s
] 
0.05 
0.0 
0.1 
0.15 
0.2 
(A) (B) 
 - 80 - 
 
 
Figure 3.32 Velocity vectors in the flow field (A) and its scalar map (B): 
engine speed 50 rpm, recorded timing 22.0 º CA before TDC 
 
 
 
Figure 3.33 Velocity vectors in the flow field (A) and its scalar map (B): 
engine speed 50 rpm, recorded timing TDC 
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Figure 3.34 A change in the mean velocity of the scalar maps with 
respect to the crank angle where the research engine was operated at 
50 rpm 
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Figure 3.35 Scalar maps of the velocity vectors in the flow fields: 
recorded timing TDC, engine speed 50 (A), 100 (B), 150 (C), 200 (D) rpm 
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Figure 3.36 A change in the mean velocity of the scalar maps with 
respect to the speed of the research engine where the recorded timing 
was TDC 
 
 
3.5 Engine control and data acquisition system 
The engine control panel, Timing Rack, designed by the Leeds university 
combustion group, was used to control the timings of trigger signals for 
operating the experimental equipment (Hussin 2012). It was a complex logical 
circuits system. On top of it, trigger signals to control the ignition unit, camera, 
and other device could be retarded and advanced in steps of 1º CA. In order 
to enhance the reliability of a control system for the research engine and to 
obtain more convenient and a compact control unit, the design of a bespoke 
control system was implemented by the combustion group (Ling 2014, Chen 
2016). The engine control system that was used in this research was based 
on the research of Ling and Chen. A part of the engine control code and wiring 
system was revised considering the experimental condition of this research. 
The components that comprised the engine control system were a microchip, 
I/O expansion board, and personal computer. The hardware structure of a 
microchip, microcontroller Dspic 6014A, is simple, and the coding in the 
software MPLAB ICE that is provided by the manufacturer is convenient. By 
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connecting it to the I/O expansion board that provides more numbers of 
terminals, the control system could be made easy and convenient, ensuring 
more ports to connect coaxial cables for the input and output signals. 
The main function of the microcontroller is to receive input signals, and then 
send out each output signal to the device on accurate timing. The purpose of 
its existence was to operate each component of the experimental equipment 
to collect desirable data at the accurate timing. The input signals for running 
the microcontroller are the control system trigger, TDC, and clock signal.  
The input signal for running the microcontroller is the control system trigger. 
The trigger signal is generated by pushing the manual button. The TDC and 
clock signal are also the input signals for the microcontroller. They come from 
an encoder, Horner 3202 shaft encoder. The shaft encoder produces 1800 
pulses per crank shaft revolution, that is, a single pulse is generated per 0.2 
ºCA. Additionally, it sends out a separate single pulse when the piston is at 
TDC position. In relation to the shaft encoder, one of the most important jobs 
when it is installed is accurately to align it with the crank shaft when the piston 
position is at TDC. Before starting experiment, it was essential to make sure 
whether the TDC signal was accurately produced when the piston was at TDC. 
Using a capacitive proximity meter sensor which was mounted above the 
piston, the comparison of its signal with the one that shaft encoder generated 
was carried out to find out the proper location of the encoder. When the two 
electrical signals were compared, the LabVIEW script that was used for the 
calibration of the absolute and dynamic pressure transducers in Sec. 3.3 to 
record the both pressure signals was employed.  
An example of encoder alignment is shown in Figure 3.37. Depending on the 
distance between the proximity meter sensor and the piston, the voltage of its 
signal varies. The signal curve of the proximity meter sensor represents the 
piston movement while it goes up and down at 50 rpm. If the shaft encoder 
were installed well at the free end of crank shaft when the piston position was 
at TDC, the signal curve of the proximity meter sensor should be divided 
equally at the point when the TDC signal of the encoder occurs (Hattrell 2007). 
As seen in Figure 3.37, it was confirmed that the alignment of the shaft 
encoder with the crank shaft when the piston was at TDC was in good 
condition and its TDC signal was reliable enough to indicate the position of 
the piston. Using the control system trigger, TDC, and clock signals, the code 
that runs the microcontroller produces output signals. 
 
 - 85 - 
 
 
Figure 3.37 Encoder alignment, using the TDC signal from the shaft 
encoder and the signal from the proximity meter sensor 
 
 
 
Figure 3.38 pressure signal and other output signals recorded by the 
data acquisition system 
 
(a) Pressure signals 
(b) Output signals 
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The output signals can be categorized into two parts. The first is the signals 
to be used to count the number of cycles and to indicate the position of the 
piston. Through a TDC signal from the shaft encoder, the microcontroller 
counts the number of a cycle. As mentioned in Sec. 3.1, the information on 
the number of cycles is essential in conducting skip fire mode. By setting the 
value for the mode in the engine control code, the number of a motoring cycle 
could be adjusted to secure the time for expelling residual gas and charging 
fresh fuel-air mixture until the next combustion cycle. When the number of the 
motoring cycles is the set value, the microcontroller starts calculating a crank 
angle, counting a clock signal, which means that the user can realize the 
position of the piston in a crank angle.  
The second part is the output signals that are used to operate each 
component of the experimental rig such as the spark ignition coil, high speed 
controller for the PIV system, and so forth. When the number of the counted 
clock signals reaches the number corresponding to the position where the 
piston is at BDC, the microcontroller generates a BDC signal. Since the 
microcontroller recognises the number of motoring cycles and the position of 
the piston through a TDC and clock signal, it can send out a trigger signal on 
the accurate timing that the user sets up in advance. The timings at which the 
output signals are sent out to operate each device could be adjusted readily 
by changing the set values in the author’s code. The step of changing the 
timings was 0.2 ºCA, and the range of the setting value was from 179.8 ºCA 
bTDC to 179.8 ºCA aTDC.  
Figure 3.39 shows how the microcontroller sends out trigger signals to operate 
the ignition unit and PIV system. After the control code starts, the 
microcontroller reads a control system trigger signal. Once the trigger signal 
is received by the microcontroller, it counts the number of cycles through a 
TDC signal. When the number of cycles becomes the set value, the clock 
signal is read for counting crank angle. Provided that the crank angle counted 
through the clock signal is the same as the set values for operating the ignition 
unit and the PIV system respectively, the microcontroller sends out the 
separate output signals for them to be operated. This loop in the control code 
continues until the microcontroller receives the signal for stopping the code. 
The data produced through experiment were stored in the computer. Figure 
3.40 shows the composition of the engine control and data acquisition system. 
The data that are saved in the computer can be divided into three kinds. The 
first data are the signal data that the microcontroller produces. This is crucial 
in identifying the timings when different kinds of data are obtained because  
 - 87 - 
 
 
Figure 3.39 Flow chart of the microcontroller code for operating the 
ignition unit and PIV 
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Figure 3.40 Engine control and data acquisition system for LUPOE-2D 
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the signal data represents the number of cycles, crank angle, and timings for 
operating other experimental components. In this experiment, the data, TDC, 
clock, BDC, spark ignition trigger, and PIV trigger signal, were recorded 
through a PCI card, which is a National Instruments DIO-32HS digital PCI card. 
The second is the pressure data. As mentioned in Sec. 3.3, the pressure 
signals sensed by the absolute and dynamic pressure transducers were 
amplified by two amplifiers respectively, and then were saved in the computer 
through another PCI card, a National Instruments 6110 analogue PCI card. 
The analogue PCI card converts the pressure signals to digital forms with 
accuracy of 12 bits, and the number of the channel through which data can be 
collected at the same time is four. 
Since the datum transmitted from each PCI card has to be stored in correct 
order, it is essential to synchronise the data of two PIC cards. In order to 
achieve the synchronisation, a RTSI bus cable, a National Instruments real-
time system integration bus cable, was used to connect two PCI cards. This 
cable enables the data of the analogue PCI card to be synchronised with those 
of the digital PCI card in the way of a master-slave type configuration (National 
Instruments 2016). The synchronised data were saved through the LabVIEW 
script, which was based on Hattrell’s work (2007) and modified considering 
the condition of this research. The sampling rate of the LabVIEW program was 
40 kHz, which collected 65 cycles of the data when the research engine speed 
was at 50 rpm, including seven firing cycles with the ratio of a motoring cycle 
to a firing cycle being eight and one.  
The last data are image data. As aforementioned in Sec. 3.4, the flame images 
that were taken with the high speed camera were stored in the computer 
through the commercial software. The image recording rate and the laser 
repetition rate could be adjusted in this software. Beginning with receiving the 
trigger signal from the microcontroller, the high speed camera and the laser 
started working. The working timings of those components were controlled by 
the high speed controller, which is referred to as a programmable timing unit 
(LaVision 2010). Although the synchronisation between the high speed 
camera and laser was made by adjusting the set value in the software, as 
mentioned in Sec. 3.4.2, it is essential to synchronise the flame image data 
with the other data. Hence, the image feedback signal representing the time 
of capturing each flame was checked. The LabVIEW script for the calibration 
of the absolute and dynamic pressure transducers used in Sec. 3.3 was 
employed. Figure 3.41 shows whether the synchronisation was achieved or 
not. After the high speed controller received the PIV trigger signal, the flame  
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Figure 3.41 An example of the trigger signal for the operation of the PIV 
system and the image feedback signal 
 
imaging started at the accurate time. Therefore, it was confirmed that all three 
kinds of the data in this research were synchronised and were kept in good 
condition. In summary, the below data were collected through the data 
acquisition system. 
 
- Absolute pressure transducer 
- Dynamic pressure transducer 
- TDC signal 
- Shaft encoder clock signal 
- BDC signal 
- Spark ignition signal 
- PIV trigger signal 
- Flame image 
 
 
3.6 Experimental procedure 
The experimental procedure was written to minimize any change in 
parameters which might have an effect on the consistency of experimental 
condition. For each experiment, 65 cycles of data were measured and 
collected through the data acquisition system. In the case that any combustion 
did not fail in the total cycles, the number of the firing cycles was seven, and 
the ratio of a motoring cycle to a firing cycle was eight to one. Before the 
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experiment, the temperature of the fuel and air in the inlet pipeline and the 
optical cylinder head of the research engine were kept at 25℃ ± 1. The 
laboratory room pressure and temperature was atmosphere and 22℃ ± 2. 
 
 
3.6.1 Hardware preparation 
Before engaging in experiment, the induction motor that drove the research 
engine and other components were turned on. They took time to warm up for 
their condition to be stable, which was at least 30 minutes. It was preferred to 
switch on the computer first because it was experienced that the probability of 
occurrence of electrical interference became low. The electrical interference 
sometimes made electrical noise in flame images, and even stopped the laser 
or other components in spite of the good insulation of each component: this is 
mentioned in detail in Sec. 3.6.4. While all the experimental equipment and 
relevant device were warmed up, the visual and performance check were 
made. Before the research engine was operated, a series of events that were 
related to the process of warming up were carried out in turn as follows. 
 
 The computer was turned on, and then the peripherals were switched 
on: the flowmeter with the display unit for the supply of air, the power 
supply unit for the ignition unit, the temperature control unit for the 
intake pipes and cylinder, the flowmeter with the display unit for the 
supply of air containing seeding particles, the microcontroller, the 
charge and piezoresistive amplifier for the absolute and dynamic 
pressure transducer. 
 
 The ventilation fan for the laboratory room and the laboratory exhaust 
extraction fan were turned on. The extraction fan kept the pressure of 
the exhaust pipe in the research engine lower than atmospheric 
pressure, which helps remove residual gas in the cylinder and enhance 
the scavenging. 
 
 The high speed controller for the PIV system was turned on first, and 
the Nd-YLF laser and the high speed digital camera were switched on 
subsequently: it should be noted that error might take place in the 
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software of the PIV system where the order of turning the components 
on was changed.  
 
 After checking the level of cooling water of the laser power unit, the 
cooling pump was run, and then the Nd-YLF laser had to take at least 
half an hour to warm up (Litron Lasers 2010). The temperature of the 
cooling water was set to 19 ℃. 
 
 Check the interlock lists that can stop the laser from working and clear 
them. 
 
 The condition of the absolute pressure transducer reading was 
checked: after the optical cylinder head was removed, its voltage signal 
was compared with the atmospheric pressure that was measured by a 
mercury barometer. 
 
 The positions of the high speed digital camera and laser were checked: 
by taking the picture of the calibration plate on the piston when it was 
at TDC, the comparison of the image with the already captured image 
in the calibration process was carried out. In the case of the laser, the 
laser beam was emitted to burn a paper plate placed at the location 
where the partially-burned paper plate by the laser beam after finishing 
the PIV system setup had been located. And then they were compared. 
 
 The laboratory air supply line was connected and the air was supplied. 
The supply pressure was set to 2 bar in gauge pressure: the blowing 
time was taken for 10-15 minutes to eliminate dust and others despite 
the filter being used. 
 
 The manual valve for the air with seeding particles was opened, and 
the air with seeding particles was supplied. The supply condition was 
visually checked with a torch when the light of the laboratory room was 
turned off. And then the manual valve was shut off. 
 
 The engine flywheel was turned by hand to check whether the piston 
moved smoothly. During the rotation, the piston crown was checked for 
the condition of the black paint that was applied on it: it was painted on 
the piston crown to minimize the reflection of the laser sheet. The piston 
crown was cleaned, and then the piston was put at BDC. 
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 The control console for the induction motor for the research engine was 
turned on and the set value for the desirable engine speed was input. 
 
 After checking the top and side windows of the optical head visually, it 
was assembled on the cylinder with four 12 mm bolts. The torque to 
fasten them was set to 100 Nm. When cleaning the top and side 
windows of the optical head, it should be noted that the gap between 
the electrodes of the spark plug does not have to be changed and 
undesirable materials in it and they have to be eliminated to secure 
reliable spark ignition. 
 
 The manual valves for the gaseous fuels supply were opened and the 
supply pressure of each was set to 2 bar in gauge pressure by adjusting 
each pressure regulator: when adjusting the regulator, the pressure 
drop was considered. It was noted to check the supply pressure 
whenever the amount of the fuel supply varied. 
 
 The temperature control unit for the intake pipelines and cylinder was 
turned on. It should be noted that the time to heat up the cylinder was 
taken relatively longer than the one for the heating cartridges for the 
intake pipelines. This is because the capacity of the heating cartridges 
for the cylinder was smaller than that of the cartridge for the intake 
pipelines: refer to Sec. 3.2.3. The temperature was set to 25 ℃: as the 
laser starts, the heat from the laser control unit was much enough to 
raise up the laboratory room. Considering the room temperature, the 
temperature control unit and the ventilation system were intermittently 
used. 
 
 
3.6.2 Software preparation 
After setting up the hardware part, the program and software that are used in 
the engine control, data acquisition, and PIV system were prepared. The 
experimental parameters such as spark timing, data acquisition sampling rate, 
and others could be set conveniently before starting experiment. 
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 The engine control code was browsed and the desirable set values 
were input, and then the code was complied. 
- Ratio of a motoring cycle to a firing cycle: 8:1 
- Crank angle value for the spark trigger signal: variable 
- Crank angle value for the PIV trigger signal: variable 
 
 The LabVIEW script for the data acquisition was started and the 
desirable set values were input. 
- Sampling rate of data: 40 kHz 
- Total number of collected data: 3510000 
- Engine rpm: 50 
- Data name: variable 
 
 The Litron Laser software was run in remote mode and the desirable 
set values were input. In the case that the laser unit was used in the 
local mode, this step was carried out in the local panel. 
- Laser repetition rate: 2.5 kHz 
- Laser power [%]: 80 
- Q-switch mode: trigger mode 
 
 The DaVis software was run and the desirable set values were checked. 
- Camera mode: double frame mode 
- Carry out the intensity calibration of the high speed camera after 
turning off the laboratory room light and covering the camera lens 
lid. 
- Trigger source: external mode,  
- Image rate: 2.5 kHz 
- Total number of recorded images: variable 
- Inter-frame time: 100 µs 
- Laser and camera offset time: 
 
Laser 1st pulse [µs] 2nd pulse [µs] 0 -5 
Camera 1st frame [µs] 2nd frame [µs] 0 0 
 
- Laser mode: double pulses mode 
- Size of Interested area and resolution: 40 x 40 mm2 
- Image resolution: 1024 x 1024 
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3.6.3 Operating procedure 
Once the hardware and software were prepared, the experiment could be 
carried out. The operating procedure is as follows: 
 
 Adjust the amounts of fuel, air, and air with seeding particles through 
each needle valve depending on an equivalence ratio. 
 Runt the induction motor for the research engine. 
 Switch on the ignition unit. 
 Run the engine control code: the code waits a trigger signal. 
 Run the LabVIEW script for the data acquisition, and switch on the 
select button, “armed” button, in the software: the script also waits for 
a trigger signal. 
 Click on the laser-on and shutter-on button in the Litron Lasers software 
subsequently. Since the Q-switch mode is trigger mode, the laser beam 
is not emitted until the trigger signal from the high speed controller is 
transmitted to the laser unit. This is controlled by the engine control 
system. 
 Click on the record button in the DaVis software: the software waits for 
a trigger signal from the engine control system. 
 Push the manual button that sends a trigger signal to the engine control 
system and data acquisition system. 
 Check whether the LabVIEW and DaVis software finish saving the data. 
 
Once the data were saved in the computer, the following steps were 
conducted. 
 
 Cut off the fuel supply. 
 Close the valve to supply air with seeding particles. 
 Switch off the spark ignition unit. 
 Stop the induction motor for the research engine. 
 Turn off the temperature control unit for the cylinder and intake 
pipelines. 
 Stop and reset the engine control code. 
 Stop and reset the LabVIEW script for the data acquisition. 
 Close the shutter and turned off the laser. 
 Check whether the data is saved properly. 
 
 - 96 - 
 
After completing experiment, the optical head was disassembled to clean the 
top and side windows having seeding particles and lubrication oil, and to 
prevent its deformation by the thermal stress, which could cause cracking 
window. 
 
 
3.6.4 Electrical interference 
Since various kinds of electrical equipment such as the induction motor, the 
spark ignition unit, and others were used in this research, it was reasonable 
that perfectly preventing the occurrence of electrical interference between the 
components was thought of as almost impossible. In the current work, it was 
often experienced that the flame images had electrical noise and even the 
malfunction of the laser control unit took place because of electrical 
interference. Although the phenomena were unavoidable, in order to minimize 
its effects, several practical techniques were carried out as follows: 
 
 The electrical device and cables were stayed as far away as possible 
from the wires related to the spark plug. 
 Earth cables were connected to the cases of the electrical device, and 
the lengths were as short as possible. 
 The electrical device was not located on the metal plate supported by 
the scaffolding to avoid directly contacting the metal. 
 The unused ports of the terminal in the data acquisition system and 
other device were properly terminated using 50 Ω BNC terminator. 
 The unused cables were disconnected from the electrical device. 
 The local mode when the laser control unit is operated was preferred 
instead of the remote mode. In the remote mode, the RS232 cable was 
used for the laser control unit to communicate with the software in the 
computer. It was thought that the cable might be affected by electrical 
interference causing the malfunction of the laser control unit. 
 
The electrical interference was mostly eliminated by the above mitigation 
actions, and the experimental data could be collected and used to conduct 
data processing and post processing. 
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Chapter 4 Image processing and methodology for analysis 
 
This chapter provides an overview of the PIV image processing and the 
methodology for analysis. The procedure of processing the PIV flame images 
consists of two steps. The first step is to enhance a quality of the flame images, 
which is called image pre-processing in the present study. Since the difference 
of the pixel intensities between the unburned and burned area in the flame 
image was distinguishable, the image pre-processing was required to 
determine the desirable threshold to separate two areas. In the second step, 
using the pre-processed images, the image binarization is carried out to divide 
the unburned and burned area. And then the flame contour images can be 
derived. Flame propagation speed, unburned gas velocity, and so forth are 
calculated based on the flame contour images. The methodology is described 
in detail and the preliminary results are shown in this chapter. 
 
 
4.1 Derivation of the flame contour from the PIV images 
4.1.1 Image pre-processing 
In this research, olive oil droplets were illuminated by the high repetition 
double-pulsed laser and acted as the tracking particles to present the 
information on the flow field of the fuel-air mixture till being burned by flame. 
Meanwhile, using a proper image processing, the illumination of the seeding 
particles could be used to extract the flame front images from their raw PIV 
images. Ultimately, flame front image was used to measure flame propagation 
speed, which in turn was employed for calculating the burning velocity 
mentioned in Sec. 2.1. Although the seeding particles were homogeneously 
distributed within the fuel-air mixture, the reflection of illuminated light was 
unavoidable due to the offset of laser sheets, the non-uniform geometrical 
property of combustion chamber, and the inhomogeneous mixture in the 
unburned area. This reflected light caused a fluctuation of pixel intensities and 
made it difficult to discriminate the burned and unburned zones in the PIV 
image. Therefore, the first step, so called image pre-processing, needs to 
enhance the pixel intensities to separate those two zones. 
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Figure 4.1 Intensity profile of the fuel-air mixture with seeding particles 
along horizontal line at the centre of the image. Fuel: CH4-air mixture / 
equivalence ratio: 1.0 / time when image was taken: 3.2 ms after ignition 
/ ignition timing: 27.6 °CA bTDC / pressure: 5 bar abs / temperature 439 
K / engine speed: 50 rpm 
 
Figure 4.1 shows the intensity profile of the fuel-air mixture with seeding 
particles along the horizontal line in the left direction from the centre of the 
flame image that is located at the upper right inset. The combustible mixture 
was a stoichiometric methane-air mixture, and the flame image was taken at 
3.2 ms after the start of the ignition. The ignition timing was set as 27.6 ºCA 
bTDC. The pressure and temperature was 5 bar abs and 439 K respectively 
when the combustion started, and the engine speed was 50 rpm. Although the 
fluctuation of the intensity is quite strong, the boundary between the unburned 
and burned zone is clearly distinguishable, which was represented by the 
points with a sharp increase in intensity: refer to the blue box in Figure 4.1. In 
order to determine the flame front within this area, a sequence of filtering 
algorithms embedded in the DaVis software were employed. 
The first filter was a local deviation filter, in which a pixel intensity was replaced 
with the local standard deviation. The value is calculated with surrounding 
eight pixels and the centre pixel itself: refer to Eq. (4.1) and Figure 4.2 
(LaVision 2010). Through the local standard deviation filter, the signal noise 
caused by the flame luminescence, reflection, or other potential factors could 
Area where the boundary exists 
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be eliminated from the raw image to some extent: the intensity profile after the 
local deviation filter is conducted is shown in Figure 4.5 (b). 
 
 
Figure 4.2 An illustration of the local standard deviation filter where the 
surrounding eight pixels and the centre pixel itself are 
 
𝐼𝐼𝑎𝑎𝑎𝑎𝑑𝑑𝑖𝑖𝑠𝑠 = � 1𝑉𝑉 − 2��𝐼𝐼𝑠𝑠−4 − 𝐼𝐼𝑎𝑎𝑠𝑠𝑔𝑔�2𝑑𝑑−1
𝑠𝑠=0
 
𝐼𝐼𝑎𝑎𝑠𝑠𝑔𝑔 = 𝐼𝐼𝑠𝑠−4 + 𝐼𝐼𝑠𝑠−3 + 𝐼𝐼𝑠𝑠−2 + 𝐼𝐼𝑠𝑠−1 + 𝐼𝐼𝑠𝑠 + 𝐼𝐼𝑠𝑠+1 + 𝐼𝐼𝑠𝑠+2 + 𝐼𝐼𝑠𝑠+3 + 𝐼𝐼𝑠𝑠+4𝑉𝑉  
𝑉𝑉 = 𝑉𝑉𝑢𝑢𝑚𝑚𝑛𝑛𝐿𝐿𝑑𝑑 𝑟𝑟𝑓𝑓 𝑝𝑝𝐸𝐸𝑥𝑥𝐸𝐸𝐿𝐿𝑠𝑠, 9 
 
Eq. (4.1) 
 
The second algorithm was to eliminate inappropriately high intensities that 
cause the difficulty in determining the threshold value for image binarization. 
These inappropriately high intensities could stem from the inhomogeneous 
distribution of the seeding particles, the reflection of the light source, and 
others. Figure 4.3 shows the histogram of intensities of the image which was 
processed by the local deviation filter. The appropriate threshold value had to 
be determined in order to eliminate inappropriately high intensities from the 
image. The process of gaining the appropriate threshold was carried out by 
the trial-and-error method after determining the range where it might be 
located. Through the method, the desirable threshold to cut off high intensities 
was determined. As seen in Figure 4.3, the maximum frequency of pixel 
intensities was first found, and the threshold intensity where frequency was 
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0.5 or 1.0 % of the maximum value was determined. The result of the second 
algorithm is shown in Figure 4.5 (c). 
 
 
Figure 4.3 Histogram of pixel intensities of the image processed by the 
local deviation filter 
 
The final algorithm is a sliding average filter, which makes the change of pixel 
intensities smooth. The artificial wrinkles of the image that was processed by 
the second algorithm could be eliminated through this step. Figure 4.4 and Eq. 
(4.2) represent how the intensity of a pixel was calculated by the sliding 
average filter. When applying this filter, the pixel scale length was three, and 
the computation was carried out four times, that is,  from left to right, from right 
to left, from top to bottom, and from bottom to top through the image (LaVision 
2015). The result of this filter is shown in Figure 4.5 (d). 
 
 
Figure 4.4 An illustration of the sliding average filter where the scale 
length is three pixels 
 
𝐼𝐼𝑎𝑎𝑙𝑙𝑑𝑑𝑎𝑎𝑠𝑠𝑔𝑔𝑖𝑖 = 𝑉𝑉 − 1𝑉𝑉 × 𝐼𝐼𝑎𝑎𝑙𝑙𝑑𝑑𝑎𝑎𝑠𝑠𝑔𝑔𝑖𝑖−1 + 1𝑉𝑉 × 𝐼𝐼𝑠𝑠   
𝐼𝐼𝑎𝑎𝑙𝑙𝑑𝑑𝑎𝑎𝑠𝑠𝑔𝑔0 = 𝐼𝐼0 
𝑉𝑉 = 𝑠𝑠𝑐𝑐𝐸𝐸𝐸𝐸𝐿𝐿 𝐸𝐸𝐿𝐿𝑉𝑉𝑡𝑡ℎ, 3 
Eq. (4.2) 
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(a) 
(b) 
Fluctuation of intensities 
Inappropriately high intensities 
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Figure 4.5 A sequence of steps to obtain the image for image 
binarization. Fuel: CH4-air mixture / equivalence ratio: 1.0 / time when 
image was taken: 3.2 ms after ignition / ignition timing: 27.6 °CA bTDC / 
pressure: 5 bar abs / temperature 439 K / engine speed: 50 rpm 
(c) 
(d) 
Smoothing is needed to eliminate 
the artificial wrinkles of the image 
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4.1.2 Image binarization and derivation of flame contour 
 
The purpose of the image pre-processing mentioned in Sec. 4.1.1 was to 
obtain the flame image that had the desirable change of the gradient in the 
intensity at the area where a combustible mixture changes into the burned gas. 
In this section, the process of deriving a flame contour image is described, 
with the use of the flame image obtained by the image pre-processing. In order 
to obtain a flame contour image, image binarization was carried out. Otsu’s 
threshold selection method has been adopted frequently to determine a 
threshold value for image binarization. This method was developed by Otsu 
and uses the grey-level histogram of a flame image (Otsu 1979). In Otsu’ 
threshold selection method, the prerequisite for desirable image binarization 
is that the grey-level histogram of an image has to show bimodal distribution. 
That is, two peaks in the histogram have to show up distinctly. The threshold 
value for the binarization of two areas can be selected through a point within 
the deep and sharp valley of the histogram (Otsu 1975). 
Figure 4.6 shows an example of the intensity histogram. In Figure 4.6 (a) of, 
the relatively bright area is the burned side, and the dark area represents the 
unburned area. The image was taken in natural light photography (Ling 2014). 
As seen in Figure 4.6 (c), since two distinguishable peaks and the deep and 
sharp valley between them exist, it seems appropriate to apply Otsu’s 
threshold selection method to the image that is taken in natural light 
photography. Otsu’s threshold selection method shows a good performance 
in image binarization when it is used for images that are taken in natural light 
or Schlieren photography (Ling 2014). Nevertheless, the effort to fulfil the 
prerequisite for the application of Otsu’s threshold selection method was made 
in the image pre-processing, the distribution of intensities of a PIV flame image 
showed that the method was not appropriate to the current work. 
Figure 4.7 shows an example of the intensity histogram of the pre-processed 
image mentioned in Sec. 4.1.1. The fuel-air mixture was a methane-air mixture, 
and its equivalence ratio was stoichiometric. The flame image was recorded 
at 3.2 ms after the ignition, and the spark plug was ignited at 27.6 °CA bTDC. 
The initial pressure and temperature at the start of the combustion was 5 bar 
abs and 439 K respectively, and the engine speed was 50 rpm. The relatively 
dark area in Figure 4.7 (a) represents the burned side, and the unburned side 
is the bright area. As seen in Figure 4.7 (b), the quality of the image 
binarization that was carried out through Otsu’s threshold selection method is  
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Figure 4.6 An example of intensity histogram; the figure was taken in 
natural light photography and is reproduced from Ling (2014) 
 
quite low, and it seems impossible to distinguish clearly between the unburned 
and burned area. This is because the threshold value calculated Otsu’s 
method is biased toward a relatively high value. This bias is caused by the 
direction where the laser sheet is emitted. Since the laser sheet was provided 
from the left side, the left side of Figure 4.7 (a) is relatively brighter than the 
right side, and the intensity difference between two sides appears: refer to 
Figure 4.8. In addition, the lead to ignite spark and spark plug can also affect 
the undesirable threshold value for the image binarization. Hence, it was 
confirmed that Otsu’s threshold selection method, which considered the global 
threshold value of an image, was not appropriate to the image binarization of 
this research. 
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Figure 4.7 An example of the intensity histogram of the pre-processed 
image mentioned in Sec. 4.1.1. Fuel: CH4-air mixture / equivalence ratio: 
1.0 / time when image was taken: 3.2 ms after ignition / ignition timing: 
27.6 °CA bTDC / pressure: 5 bar abs / temperature: 439 K / engine speed: 
50 rpm 
 
 
Figure 4.8 Intensity profile of the pre-processed image mentioned in Sec. 
4.1.1. Fuel: CH4-air mixture / equivalence ratio: 1.0 / time when image 
was taken: 3.2 ms after ignition / ignition timing: 27.6 °CA bTDC / 
pressure: 5 bar abs, temperature: 439 K / engine speed: 50 rpm 
Intensity 
Fr
eq
ue
nc
y 
Intensities 
causing a low quality of result 
 
(a) Image 
after image pre-processing 
(b) Image 
after applying Otsu’s method  
Lead  
For spark ignition  
(c) Intensity histogram of (a) 
Spark plug  
0.2 
0.4 
0.6 
0.8 
N
or
m
al
iz
ed
 in
te
ns
ity
 
[mm] 
Difference 
between intensities  
of both side 
 - 106 - 
 
Alternatively, the adaptive threshold selection method was adopted. In the 
image processing field, the method has been investigated by many 
researchers (Trier and Jain 1995, Sezgin and Sankur 2004, Bradley and Roth 
2007). Compared with using a fixed threshold value for a binary image, 
referred to as a global threshold value (Otsu 1979), the adaptive threshold 
selection method has advantages of obtaining a more reliable binary image 
where there is the spatial change of illumination in an image and the variation 
of the brightness between images in a live video stream exists. This is 
because local threshold values are applied to the corresponding to the local 
areas in an image. In order to calculate a local threshold value, it is essential 
to allocate a sub-area in the image, and then the intensity of each area is 
cumulated continuously, which is referred to as a summed-area table or 
integral image. The following Eq. (4.3) and Eq. (4.4) shows how the intensity 
of each pixel is calculated (Bradley and Roth 2007). 
 
𝐼𝐼(𝑜𝑜,   𝑑𝑑) = 𝑓𝑓(𝑜𝑜,   𝑑𝑑) + 𝐼𝐼(𝑜𝑜−1,   𝑑𝑑) + 𝐼𝐼(𝑜𝑜,   𝑑𝑑−1) − 𝐼𝐼(𝑜𝑜−1,   𝑑𝑑−1) Eq. (4.3) 
 
� � 𝑓𝑓(𝑜𝑜,   𝑑𝑑)𝑑𝑑2
𝑑𝑑=𝑑𝑑1
𝑜𝑜2
𝑜𝑜=𝑜𝑜1
= 𝐼𝐼(𝑜𝑜2,   𝑑𝑑2) − 𝐼𝐼(𝑜𝑜2,   𝑑𝑑2−1) − 𝐼𝐼(𝑜𝑜1−1,   𝑑𝑑2) + 𝐼𝐼(𝑜𝑜1−1,   𝑑𝑑1−1) Eq. (4.4) 
 
Figure 4.9 shows an example of image binarization of the current work. A 
temporary binary image was extracted through the adaptive threshold 
selection method, and then the background and undesirable parts were 
eliminated. The image binarization was carried out with the separate MATLAB 
script, which was coded by the author. In relation to the image binarization, it 
should be said that there was the limitedly manual modification of binary 
images while carrying out the image binarization. Especially, there was the 
case that the part nearby the lead to ignite spark could not be eliminated 
clearly. When this took place, the part was modified manually, using the 
photographic software, GIMP.  
After obtaining binary images through the process mentioned above, the work 
to gain flame contour images was carried out. In this process, Canny edge 
detection algorithm was adopted. The edge detection algorithm is widely 
employed to extract the edges of images (Moeslund 2009). Canny edge 
detection algorithm consists of several steps. The application of Gaussian 
filter is the first step to obtain a smooth image, eliminating undesirable noises  
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Figure 4.9 Derivation of a binary image. Fuel: CH4-air mixture / 
equivalence ratio: 1.0 / time when image was taken: 3.2 ms after ignition 
/ ignition timing: 27.6 °CA bTDC / pressure: 5 bar abs / temperature: 439 
K / engine speed: 50 rpm 
 
in it. And then the calculation for the gradient of the intensities in the image is 
made. After the process of eliminating the false parts of the edge detection, 
the algorithm applies a low and high threshold, which are calculated with the 
gradient of the intensities and known as double threshold, to achieve 
temporary edges. After examining the edges, undesirable edges or lines that 
are not connected to the desirable edge are excluded. The edge detection 
algorithm eventually determines the edge (Canny 1986, Moeslund 2009). 
Through this algorithm, the flame contour image could be obtained.  
Figure 4.10 shows the entire process of deriving a flame contour image from 
the PIV flame image. Figure 4.10 (e) represents the flame contour image that 
is superimposed on the raw image, and Figure 4.10 (f) is the enlarged image 
of the red-box area. In order to make sure whether the location of the flame 
front is suitable or not, the variation in the radial velocity of the unburned gas 
with respect to the distance from the centre of the image was investigated. 
This validation is crucial. If the location of the flame front is improper, the 
undesirable value of the unburned gas velocity at each point of the flame 
contour line will be extrapolated, which is introduced in Sec. 4.2.2. The radial 
velocity of the unburned gas was measured using the PIV system. The 
distance between the point of which the pixel composed the flame contour line 
and the location where the radial unburned gas velocity became the minimum 
value was about 0.9 mm: see Figure 4.11. Although it is hard to be said that 
the distance is the exactly same as the flame thickness. However, considering  
(b) 
Image after adaptive  
thresholding 
technique 
(c) 
Binary image after 
Masking & elimination 
of undesirable parts 
(a) 
Image after the pre-
processing 
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Figure 4.10 Illustration of deriving a flame contour image and the 
superimposed contour image on the raw flame image; CH4-air mixture / 
equivalence ratio: 1.0 / time when image was taken: 3.2 ms after ignition 
/ ignition timing: 27.6 °CA bTDC, pressure: 5 bar abs, temperature 439 K 
/ engine speed: 50 rpm 
(a) Raw image (b) Pre-processed image 
(c) Binary image (d) Contour image 
(e) Superimposed image 
(raw image + contour image) 
(f) Enlarged image 
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Figure 4.11 Intensity and radial unburned gas velocity profiles along the 
horizontal line from the centre of the image. Fuel: CH4-air mixture / 
equivalence ratio: 1.0 / time when image was taken: 3.2 ms after ignition 
/ ignition timing: 27.6 °CA bTDC / pressure: 5 bar abs / temperature 439 
K / engine speed: 50 rpm 
 
the intensity profile of the raw image, it seems reasonable that the flame front 
exists within the red-dashed lines. According to Law’s research (2006), where 
a laminar premixed spherical flame propagates outwardly with the use of 
hydrocarbon-air mixtures, the flame thickness is about 1 mm and similar to 
the one shown in Figure 4.11. 
As mentioned in the result of the simulation by Groot and De Goey (2002), the 
unburned gas velocity progressively increases until it approaches near the 
preheat zone, and then it starts decreasing after the value becomes maximum 
at a certain point ahead the preheat zone. As the combustible mixture moves 
toward the reaction zone, the fresh gas velocity decreases. After that, it 
eventually becomes zero when it enters the reaction zone. According to the 
relevant researches (Balusamy et al. 2011, Varea et al. 2012), the maximum 
unburned gas velocity appears at 0.3 or 0.4 mm before the flame front. As 
shown in Figure 4.11, the distance between the location of the flame front and 
the point where the maximum value of the radial unburned gas velocity 
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appears is about 0.36 mm. Based on the above validation, it was confirmed 
that the location of the flame front in this research was appropriate for the 
measurements of flame propagation speed and other properties. 
 
 
4.2 Methodology for analysis 
4.2.1 Derivation of the normal direction to each point of the flame 
contour line and the relevant derivatives 
Through the review of the relevant literature and the measurement of the 
mean velocities mentioned Sec. 2.1 and 3.4.3 respectively, it was assumed 
that the combustion condition in the current work was laminar. Under the 
laminar condition, the direction in which flame propagates has to be normal to 
the flame front. Hence, it was essential to obtain the normal direction at each 
point of a flame contour line in order to measure the flame propagation speed. 
For the derivation of the normal direction, Fourier transform was employed.  
Figure 4.12 shows the profiles of x- and y-coordinate along the flame contour 
line. The fuel in the experiment was a stoichiometric methane-air mixture. The 
image was recorded at 3.2 ms after the start of ignition, and the ignition timing 
was 27.6º CA bTDC of which the initial pressure and temperature were 5 bar 
in absolute pressure and 439 K respectively. The point index is counted in the 
clockwise direction, and the starting point is represented as a red box shown 
in Figure 4.12 (A). 
Where the x-coordinate is the function of the point index t, its derivative can 
be represented in the following equations: this is also applied to the case of 
the y-coordinate. 
 
𝐹𝐹 �
𝑑𝑑𝑑𝑑𝑥𝑥(𝑡𝑡)
𝑑𝑑𝑡𝑡𝑑𝑑
� = (𝐸𝐸𝑘𝑘)𝑑𝑑𝑋𝑋(𝑘𝑘) Eq. (4.5) 
 
𝑑𝑑𝑑𝑑𝑥𝑥
𝑑𝑑𝑡𝑡𝑑𝑑
= 𝐹𝐹−1[(𝐸𝐸𝑘𝑘)𝑑𝑑𝑋𝑋(𝑘𝑘)] Eq. (4.6) 
 
where F and F-1 are the forward and inverse Fourier transform respectively, n 
is a differential coefficient, k is the variable in the frequency domain. 
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In order to apply the forward and inverse Fourier transform, a fast Fourier 
transform FFT was adopted. It computes a sequence of data through the 
discrete Fourier transform, which is named DFT. The computation of the DFT 
is to convert a series of data into an equally-length sequence of data in a 
frequency domain (Heideman et al. 1984, Brigham 1988). Eq. (4.7) and Eq. 
(4.8) represent a forward and inverse fast Fourier transform respectively: 
 
𝑋𝑋(𝑘𝑘) = 𝐹𝐹[(𝑥𝑥(𝑡𝑡)] = �𝑥𝑥(𝑡𝑡)𝐿𝐿−2𝜋𝜋𝑠𝑠𝑚𝑚 (𝑎𝑎−1)(𝑘𝑘−1)𝑚𝑚
𝑎𝑎=1
 
Eq. (4.7) 
 
𝑥𝑥(𝑡𝑡) = 𝐹𝐹−1[𝑋𝑋(𝑘𝑘)] = �𝑋𝑋(𝑘𝑘)𝐿𝐿2𝜋𝜋𝑠𝑠𝑚𝑚 (𝑎𝑎−1)(𝑘𝑘−1)𝑚𝑚
𝑘𝑘=1
 
Eq. (4.8) 
where m is the total number of data. 
 
 
Point index: 1 
(x, y): (322, 401) 
(A) 
Centre point 
(x, y): (529, 503) 
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Figure 4.12 Flame contour line (A), and the changes of x- (B) and y- 
coordinate (C) with respect to point index: the index is counted in the 
clockwise 
(C) 
(B) 
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Assuming that a particle moves along the flame contour line of Figure 4.12 at 
a constant speed, the direction of the acceleration vector at a point is normal 
to the velocity vector which is tangential to the contour line at that point  (Zill 
and Cullen 2006). The tangential and normal velocity vectors can be 
calculated as the following equations. 
 
𝑑𝑑𝑥𝑥
𝑑𝑑𝑡𝑡
= 𝐹𝐹−1[(𝐸𝐸𝑘𝑘)𝑋𝑋(𝐸𝐸𝑘𝑘)], 𝑑𝑑𝑦𝑦
𝑑𝑑𝑡𝑡
= 𝐹𝐹−1[(𝐸𝐸𝑘𝑘)𝑌𝑌(𝐸𝐸𝑘𝑘)] Eq. (4.9) 
 
𝑑𝑑2𝑥𝑥
𝑑𝑑𝑡𝑡2
= 𝐹𝐹−1[−𝑘𝑘2𝑋𝑋(𝐸𝐸𝑘𝑘)], 𝑑𝑑2𝑦𝑦
𝑑𝑑𝑡𝑡2
= 𝐹𝐹−1[−𝑘𝑘2𝑌𝑌(𝐸𝐸𝑘𝑘)] Eq. (4.10) 
 
By using Eq. (4.9) and Eq. (4.10), the directions of the tangential and normal 
velocity can be calculated as follows. 
 
𝜃𝜃𝑎𝑎𝑎𝑎𝑑𝑑𝑔𝑔𝑖𝑖𝑑𝑑𝑎𝑎𝑠𝑠𝑎𝑎𝑙𝑙 = 𝑡𝑡𝐸𝐸𝑉𝑉−1 𝑑𝑑𝑦𝑦𝑑𝑑𝑡𝑡𝑑𝑑𝑥𝑥
𝑑𝑑𝑡𝑡
 
Eq. (4.11) 
 
𝜃𝜃𝑑𝑑𝑜𝑜𝑟𝑟𝑚𝑚𝑎𝑎𝑙𝑙 = 𝑡𝑡𝐸𝐸𝑉𝑉−1 𝑑𝑑2𝑦𝑦𝑑𝑑𝑡𝑡2𝑑𝑑2𝑥𝑥
𝑑𝑑𝑡𝑡2
 
Eq. (4.12) 
 
where θtangential and θnormal are the degrees of the tangential and normal velocity 
vectors at a point on the flame contour line respectively. 
Figure 4.13 shows the flame contour image, its enlarged images, and the 
tangential and normal vectors images which were obtained through the 
aforementioned Eq. (4.11) and Eq. (4.12). In Figure 4.13 (B), (D), and (F), 
each blue-solid arrow indicates the tangential vector at each point on the flame 
contour line, and each red-solid arrow represents the normal vector at the 
point. In Figure 4.13 (D) and (F), compared with the smooth-curved and abrupt 
curved parts, the directions of the tangential and normal vectors in the smooth-
flat part gradually change. In order to represent the wrinkled or curved amount 
at each point on the flame contour line, the curvature at each point was 
calculated using Eq. (4.9) and Eq. (4.10). Curvature Ck at a point is defined as  
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Figure 4.13 Illustration of the images: (A) is the flame contour image 
superimposed on the raw image, (B) is the tangential and normal vectors 
image of (A). (C) and (E) are the enlarged images of the white-dotted and 
red-dotted boxes in (A) respectively, and (D) and (F) are their enlarged 
vectors images 
(A) (B) 
(C) (D) 
(E) (F) 
smooth-curved 
part 
abrupt-curved 
part 
smooth-flat 
part 
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Figure 4.14 Change of curvature of the flame contour line in Figure 4.12 
(A) with respect to point index 
 
the following equation (Zill and Cullen 2006): the derivation of curvature is 
described in Appendix D. 
 
𝐶𝐶𝑘𝑘 = 𝑑𝑑2𝑦𝑦𝑑𝑑𝑡𝑡2 𝑑𝑑𝑥𝑥𝑑𝑑𝑡𝑡 − 𝑑𝑑2𝑥𝑥𝑑𝑑𝑡𝑡2 𝑑𝑑𝑦𝑦𝑑𝑑𝑡𝑡
��
𝑑𝑑𝑥𝑥
𝑑𝑑𝑡𝑡�
2 + �𝑑𝑑𝑦𝑦𝑑𝑑𝑡𝑡�2�32 
Eq. (4.13) 
 
The calculated curvature can have a positive or negative value. The positive 
value means that the shape of the line is convex, whereas the negative value 
indicates that the shape is concave. Figure 4.14 shows the change of 
curvature of the flame contour line in Figure 4.12 (A) with respect to point 
index. The curvature of the smooth-curved part in Figure 4.13 (D) changes 
from the positive to the negative value. Similarly, the sign of curvature of the 
abrupt-curved part also varies. 
In the current research, since a flame contour line gradually becomes longer 
as the flame propagates outwardly, the number of points consisting of the 
smooth-curved part 
in Figure 4.13 (D) abrupt-curved part in Figure 4.13 (F) 
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Figure 4.15 An illustration of the mean flame radius and the radius of the 
osculating circle at each point. 
 
contour line also becomes large. Because of this, the location of the first point 
of a point index varies. To compare the curvatures of developing flame, a point 
index was represented in angle. In addition, since a flame size continuously 
varies as it propagates, it is necessary to derive a dimensionless number to 
quantify how much curved the flame contour line is. To normalise curvature, 
the mean flame radius was calculated. As seen in Eq. (4.14), since curvature 
at a point is a reciprocal number of the radius of the corresponding osculating 
circle, it can be normalised through the mean flame radius. The normalised 
curvature is named wavenumber 𝑘𝑘  in this paper and defined as the ratio of 
the flame mean radius to the radius of an osculating circle. Figure 4.15 shows 
an example of the mean flame radius and the radius of an osculating circle. 
Figure 4.15 (A) is a flame binary image: the unburned area is white, and the 
burned area is black. The black area in Figure 4.15 (B) is identical to the one 
in (A) in size. The equations related to the normalisation are as follows: 
 
𝑑𝑑𝑜𝑜 = 1𝐶𝐶𝑘𝑘 Eq. (4.14) 
 
𝑑𝑑𝑚𝑚 = 1𝐶𝐶𝑘𝑘𝑚𝑚 = �𝐶𝐶𝑟𝑟𝑑𝑑𝑑𝑑𝐿𝐿𝑠𝑠𝑝𝑝𝑟𝑟𝑉𝑉𝑑𝑑𝐸𝐸𝑉𝑉𝑔𝑔 𝐸𝐸𝑑𝑑𝐿𝐿𝐸𝐸𝜋𝜋  Eq. (4.15) 
 
rm ro Same area 
(A) (B) 
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𝑘𝑘 = 𝑑𝑑𝑚𝑚
𝑑𝑑𝑜𝑜
 Eq. (4.16) 
 
𝐶𝐶𝑘𝑘 ∝ 𝑘𝑘 Eq. (4.17) 
 
where ro is the radius of an osculating circle at a point on the flame contour 
line, rm the corresponding mean flame radius, and Ckm the curvature of a circle 
having the identical dimension to the burned area in a binary flame image. As 
seen in Eq. (4.17), curvature Ck is proportional to wavenumber k, and the 
mean wavenumber can be obtained as follows: 
 
𝑘𝑘� = 1
𝑉𝑉
�𝑘𝑘𝑎𝑎
𝑑𝑑
𝑎𝑎=1
 
Eq. (4.18) 
 
where 𝑘𝑘� is the mean wavenumber, n  the number of the total points consisting 
of a flame contour line, 𝐸𝐸   the index of a point, and 𝑘𝑘𝑎𝑎  is an arbitrary 
wavenumber at the corresponding point. 
Figure 4.16 shows the flame contour image and the variation of wavenumber 
with respect to angle. In Figure 4.16 (A) the direction of counting angle is 
clockwise, and the left-end point of the magenta horizontal line is the starting 
point of counting angle. The changes of sign of the wavenumber are seen in 
the smooth-curved and abrupt-curved parts in Figure 4.16 (B). Through such 
changes of wavenumber, the occurrence of a curve or wrinkle in the flame 
contour line can be perceived, and the magnitude can be quantified as flame 
propagates. Moreover, depending on the gradient of change of wavenumber 
with respect to angle, it is possible to realise how precipitously the flame 
surface varies. It is shown in Figure 4.16 (B) that the slope of wavenumber in 
the abrupt-curved part is steeper than the one of wavenumber in the smooth-
curved part. 
The physical meaning of wavenumber defined through and Eq. (4.16) should 
be mentioned. First, when wavenumber is one at a point on the flame contour 
line, it is meant that the corresponding flame surface is smoothly curved. If 
flame propagated outwardly in the ideal condition mentioned in Sec. 2.1, the 
morphology of the flame would be a circle, which means that the radius of an  
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Figure 4.16 Flame contour image (A) and the change of wavenumber 
with respect to angle (B) 
(B) 
abrupt-curved part smooth-curved part 
(A) 
Centre point 
(x, y): (529, 503) 
0º 
Θ 
90º 
-90º 
180 or -180º 
Negative 
Positive 
abrupt-curved 
part 
smooth-curved 
part 
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Figure 4.17 Histogram of the wavenumber shown in Figure 4.16 (B) 
 
osculating circle is identical to the mean flame radius. Therefore, the 
wavenumber would be one. In this regard, it can be said that the flame contour 
line in Figure 4.16 (A) is smoothly curved at most of the points. Except for 
several certain parts, the wavenumber ranges between 0.7 and 1.3, which is 
shown in Figure 4.17. 
Where wavenumber is positive, the corresponding flame surface is convex 
toward the unburned area. And in the case that wavenumber is negative, the 
flame shape is concave toward the unburned area. As seen in the smooth-
curved part of Figure 4.16, the flame changes from a convex to concave shape 
toward the unburned area with respect to angle, and then becomes convex. 
While the flame shape changes, the sign of wavenumber varies. And when 
the flame shape is convex (concave), the corresponding wavenumber is 
positive (negative). In addition, depending on the gradient of wavenumber, it 
can be learned how dramatically a flame shape changes. Compared with the 
concave of the smooth-curved part, the flame shape changes sharply in the 
concaves of the abrupt-curved part, and its gradients are steeper.  
Wavenumber 
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Figure 4.18 Corresponding circle having the identical area to the burned 
area shown in Figure 4.16 (A) and change of the wavenumber 
 
0º 
90º 
-90º 
180 or -180º 
(A) Corresponding circle 
(B) Wavenumber vs angle 
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Figure 4.19 An illustration of the moving direction of an arbitrary pixel 
 
It is also important to suggest a certain value or range that is used as the 
criterion for making the judgment on whether the flame is smoothly curved or 
not. For this, the wavenumber of the corresponding circle that has the identical 
area to the burned area shown in Figure 4.16 (A) was calculated, and Figure 
4.18 shows the result. As seen in Figure 4.18 (A), the surface of the 
corresponding circle is smoothly curved along with the circumference. 
Assuming that flame propagates at the radial direction and the flame 
propagation speed has the same value at every direction without the effect of 
thermal expansion of unburned gas, the circle would be the ideal shape that 
the flame could have. Theoretically, according to the definition of the 
wavenumber introduced in Eq. (4.16), the values of wavenumber at the entire 
points consisting of the circle have to be one.  
However, as seen in Figure 4.18 (B), the wavenumber changes with respect 
to angle, and the range is between 1 ± 0.3. The variation of the wavenumber 
in the circle originates from image resolution: the image resolution in the 
current work was 1024 x 1024. When the index of pixels consisting of a circle 
is enumerated in the clockwise direction, the moving direction of an arbitrary 
pixel is one of the five directions, which are the horizontal, vertical or diagonal 
direction: refer to Figure 4.19. It is obvious that the resolution of an image is 
the factor in affecting the calculation of wavenumber. As the resolution of an 
image rises, the range where the change of wavenumber would be reduced. 
Under the experimental condition of the current research, it can be said that a 
flame contour line is smoothly-curved where its wavenumber ranges between 
0.7 and 1.3. 
In order to secure the reliability of results of the aforementioned 
measurements such as normal direction, curvature, and wavenumber, the raw 
An arbitrary pixel 
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x- and y-coordinates consisting of a flame contour line were compared with 
the ones that are computed through the forward and inverse Fourier transform. 
The result of the comparison is shown Figure 4.20, and the x- and y- 
coordinates are for the flame contour line seen in Figure 4.16 (A). 
As can be seen in Figure 4.20 (A) and (B), most of the deviations of the x- and 
y-coordinates are distributed between +0.5 and -0.5. Figure 4.20 (C) and (D) 
show the absolute values of deviations of the x- and y-coordinates. Most of 
the values are less than 0.5. The average values of the x- and y-coordinates 
are 0.184 and 0.162 respectively, and the standard deviations are 0.197 and 
0.186. The difference between the raw coordinates and the computed 
coordinates was very little, and it was confirmed that the values of normal 
direction, curvature, and wavenumber were dependable.  
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(A) 
Deviation of x-coordinate 
(B) 
Deviation of y-coordinate 
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Figure 4.20 Results of deviation and standard deviation of the x- and y-
coordinates computed through the forward and inverse Fourier 
transform 
 
(C) 
Absolute value of deviation of x-coordinate 
(D) 
Absolute value of deviation of y-coordinate 
Average: 0.184 
Standard deviation: 0.197 
Average: 0.162 
Standard deviation: 0.186 
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(A) 
Comparison of the raw x-coordinate and computed one 
(B) 
Enlargement of the black-dashed part of (A) 
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Figure 4.21 Comparison of the raw x- and y-coordinates with the 
computed x- and y-coordinates through the forward and inverse Fourier 
transform 
(C) 
Comparison of the raw y-coordinate and computed one 
(D) 
Enlargement of the black-dashed part of (C) 
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4.2.2 Measurement of displacement, flame propagation speed, 
unburned gas velocity, and burning velocity in a local area 
In order to measure flame propagation speed, it is first to measure the 
displacement between two points on two flame contour lines. Figure 4.22 
shows the measurement of the displacement between two points on the two 
contour lines. The normal direction line at a sampling point P1 on the flame 
contour line L1, which is the solid-blue line, is obtained first, and then the 
junction point P2 on the second flame contour line L2 is found out. Eq. (4.19) 
represents the calculation of flame propagation speed. 
 
 
Figure 4.22 A simple sketch of measurements of displacement and flame 
propagation speed at each point along the flame contour line 
 
𝑆𝑆 = 𝑑𝑑
𝑡𝑡2 − 𝑡𝑡1
 Eq. (4.19) 
 
where S is flame propagation speed, d is displacement of two points on the 
two flame contour lines, and t1 and t2 are the corresponding times. 
Figure 4.23 shows a result of the calculation for the flame propagation speed. 
The fuel and equivalence ratio that were used in the experiment were a 
methane-air mixture and stoichiometric. The initial pressure and temperature 
were 5 bar in absolute pressure and 439 K. The ignition timing was 27.6 º CA 
bTDC. Three white flame contour lines that are seen in Figure 4.23 (A) were 
obtained at 3.2, 3.6, and 4.0 ms after the start of ignition. (B) in the figure 
L2: Contour line at time t2 
L1: Contour line at time t1 
Sampling point 
Displacement d 
P1 P2 
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(A) 
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0º 
Θ 
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-90º 
-180º 
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Figure 4.23 An example of the development of flame (A) and the change 
of the flame propagation speed with respect to angle (B): (C) is the 
change of the speed in the abrupt-curved part of (A), and (D) is the 
change of the speed in the smooth-curved part 
(C) 
(D) 
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represents the change of the flame propagation speed with respect to angle, 
and (C) and (D) indicate the changes of the speed in the abrupt- and smooth-
curved part respectively. In order to compare the changes of flame 
propagation, unburned gas velocity, and burning velocity in a local area, three 
sections were selected in the current work. The first section is a convex area 
on the flame contour line, the second a concave area, and the third a 
smoothly-curved area. The third section means that the corresponding 
wavenumber mostly ranges between 0.7 and 1.3. This is shown in Chapter 5. 
 
 
Figure 4.24 The flow field image (A) and its enlargement images: (B) is 
the enlarged image of the smooth part, (C) is that of the smooth-curved 
part, and (D) is that of the abrupt-curved part in (A) 
 
smooth 
part 
smooth-curved part 
abrupt-curved part 
(A) (B) 
(C) (D) 
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The measurement of unburned gas velocity was taken using the PIV system 
as described in Sec. 3.4.3. Figure 4.24 shows the entire flow field of a flame 
image and its local flow fields. The fuel-air mixture used in the experiment was 
a stoichiometric methane-air mixture. The ignition timing was 27.6 º CA bTDC, 
and the initial pressure and temperature were 5 bar in absolute pressure and 
439 K. The flame image for the calculation of the flow field was recorded at 
3.2 ms after the start of ignition. As mentioned in 3.4.2, since the interrogation 
window size and overlap percent between two adjacent windows were 32 x 
32 pixels and 75 % respectively, the resolution of a flow field was 256 x 256 
pixels. This means that an unburned gas velocity has the same value in 4 x 4 
pixels in 1024 x 1024 pixels of a flame image. 256 x 256 pixels of a flow field 
extended to 1024 x 1024 pixels of a flow field, with the use of bicubic 
interpolation, which is widely used in numerical analysis and image processing 
to interpolate data points on two-dimensional regular grid (Keys 1981, 
LaVision 2010b) 
As mentioned in Sec. 3.4.3, since it is assumed that the combustion condition 
in the current work is laminar, the direction in which the unburned gas 
propagates has to be considered to be the same as the one where the flame 
propagates. That is, the direction has to be normal to each point of a flame 
front. In order to calculate the normal unburned gas velocity at each point of 
a flame front, the inner product of unburned gas velocity and the normal 
velocity vector was carried out. Figure 4.25 shows the illustration of inner 
product of two vectors. The angle of the normal velocity vector θnormal is 
calculated through Eq. (4.12) in Sec.4.2.1. The angle of the unburned gas 
velocity θvg can be calculated as follows: 
 
𝜃𝜃𝑉𝑉𝑔𝑔 = 𝑡𝑡𝐸𝐸𝑉𝑉−1 𝑉𝑉𝑔𝑔𝑦𝑦𝑉𝑉𝑔𝑔𝑥𝑥 Eq. (4.20) 
 
where Vgx and Vgy are unburned gas velocity vectors in the horizontal and 
vertical direction respectively. The normal unburned gas velocity Vn can be 
represented in Eq. (4.21). 
 
𝑉𝑉𝑑𝑑 = �𝑉𝑉𝑔𝑔𝑥𝑥2 + 𝑉𝑉𝑔𝑔𝑦𝑦2 ∙ 𝑐𝑐𝑟𝑟𝑠𝑠 (𝜃𝜃𝑉𝑉𝑔𝑔 − 𝜃𝜃𝑑𝑑𝑜𝑜𝑟𝑟𝑚𝑚𝑎𝑎𝑙𝑙) Eq. (4.21) 
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Figure 4.25 A simple sketch of the calculation of the normal unburned 
gas velocity at each point along a flame contour line 
 
 
 
Figure 4.26 An illustration of range of normal unburned gas velocity data 
that are collected for extrapolation 
 
L2: Contour line at time t2 L1: Contour line at time t1 
Sampling point 
θVg θnormal 
unburned gas velocity vector (Vgx, Vgy) 
θVg -θnormal 
x 
y 
L2: Contour line at time t2 L1: Contour line at time t1 
Sampling point 
Collected data for extrapolation 
Excluded data: 0.5 mm 
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Figure 4.26 briefly shows how normal unburned gas velocity data are collected 
for extrapolation. A sequence of normal unburned gas velocities data along 
the normal direction line were used to carry out the extrapolation for estimating 
the normal unburned gas velocity at each point of a flame contour line. For 
this extrapolation, the number of normal unburned gas velocity data has to be 
determined. As shown in Figure 4.11 in Sec. 4.1.2, the location where the 
maximum unburned gas velocity shows up is about 0.40 mm before the flame 
front. And 4 x 4 pixels including a pixel consisting of a flame contour line have 
to be excluded. This is because the normal unburned gas velocity datum in 
the 4 x 4 pixels is likely to be calculated using the pixel in the burned area. 
Considering these, normal unburned gas velocity data located at a flame 
contour line to 1 mm away from it were excluded for the extrapolation. This 
corresponds to 25 pixels in a flame image where pixels are arrayed 
horizontally or vertically.  
Normal unburned gas velocity at each point of a flame contour line was 
calculated by polynomial extrapolation. Among several polynomial curve 
fittings, the second-degree polynomial curve fitting was adopted by trial and 
error. Figure 4.27 shows three examples of extrapolating normal unburned 
gas velocity. In the figure, the x-axis represents the distance from each point 
of the flame contour line: the positive value means the location ahead of the 
flame front, that is, the unburned side, whereas the negative one stands for 
the burned area. The profiles of the normal unburned gas velocity in (B), (C), 
and (D) are similar to the one shown in Figure 4.11 in Sec. 4.1.2. The 
maximum unburned velocities appear ahead of the flame front, and then the 
velocity gradually decreases. The values that are calculated behind the flame 
front are not zero because the calculation was made through the cross 
correlation using the difference of intensity in the relevant interrogation 
windows: refer to Sec. 3.4.1 and 3.4.2. Since it is assumed in the present 
research that seeding particles are burned up by flame, the values behind the 
flame front were ignored. 
Figure 4.28 shows an example of the calculation for normal unburned gas 
velocity. The fuel-air mixture was a stoichiometric methane-air mixture. The 
ignition timing was 27.6 º CA bTDC, and the initial pressure and temperature 
were 5 bar in absolute pressure and 439 K. The flame contour lines in Figure 
4.28 (A) were obtained at 3.2, 3.6, and 4.0 ms after the ignition started. Figure 
4.28 (B) shows the variation of the normal unburned gas velocity with respect 
to angle. (C) and (D) represent the local changes of the normal unburned gas 
velocity in the smooth curved and abrupt-curved part respectively. 
 - 134 - 
 
 
 
Point 1 
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Figure 4.27 Examples of the extrapolation for the normal unburned gas 
velocity at each point of the flame contour line 
(C) 
(D) 
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Figure 4.28 An example of the development of flame (A) and the change 
of the normal unburned gas velocity with respect to angle (B): (C) is the 
change of the velocity in the abrupt-curved part of (A), and (D) is the 
change of the velocity in the smooth-curved part 
 
(C) 
(D) 
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Using flame propagation speed and normal unburned gas velocity at each 
point of a flame contour line, burning velocity U can be calculated as follows: 
 
𝑈𝑈 = 𝑆𝑆 − 𝑉𝑉𝑑𝑑 Eq. (4.22) 
 
where S is flame propagation speed and Vn is normal unburned gas velocity. 
Figure 4.29 shows the result of calculation of the burning velocity, and the 
experiment condition was the same as that of Figure 4.28 
 
 
Figure 4.29 An example of the change of burning velocity with respect 
to angle 
 
 
4.2.3 Measurement of vorticity in a local area 
The calculation of vorticity of each flow field was made by Eq. (3.30) in Sec. 
3.4.3 using the information on velocities in the horizontal and vertical 
directions. Figure 4.30 shows an example of a vorticity map. The flow field and 
vorticity map were obtained at 3.2 ms after the start of ignition, and ignition 
timing was 27.6 º CA bTDC. The fuel was a stoichiometric methane-air mixture. 
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Figure 4.30 An example of a flow field (A) and its vorticity map (B) 
(A) Flow field 
[1
/s
] 
(B) Vorticity map  
(1) 3.2 ms 
(2) 3.6 ms 
(1) 
(2) 
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When the combustion started, the initial pressure and temperature were 5 bar 
in absolute pressure and 439 K respectively. Although Figure 4.30 (B) shows 
the entire information on the corresponding flow field at the certain time when 
the combustion proceeds, the area that should be investigated in depth is the 
vicinity of a flame contour line. This is because the change of unburned gas 
velocity nearby a flame front is caused by the thermal expansion of the burned 
gas (Balusamy et al. 2011, Long and Hargrave 2011, Burluka 2015).  
The effect of the thermal expansion on unburned gas velocities in the vicinity 
of a flame contour line is seen in Figure 4.30 (A): the enlarged images are 
shown in Figure 4.24 (B), (C), and (D). The unburned gas velocities that are 
away from a flame contour line shows the flows that do not seem relevant to 
the effect of thermal expansion, and their movements have a tendency to be 
random. The (1) and (2) red flame contour lines in Figure 4.30 (A) are for the 
flame images that were recorded at 3.2 and 3.6 ms respectively after the 
ignition started. When the flame proceeded from (1) to (2), the vorticity data in 
the area between two consecutive contour lines were collected in order to 
investigate the correlation between their change and the corresponding 
wavenumber. Figure 4.31 shows an example of the area between two 
consecutive flame contour lines and the histogram of the vorticity data 
collected in it. To examine vorticity data in a local area, a certain section was 
chosen. Figure 4.32 shows an example of the section where vorticity data are 
collected and their histogram. 
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Figure 4.31 Area between two consecutive flame contour lines (A) and 
the histogram of the vorticity data collected in it (B) 
(A) 
(B)  
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Figure 4.32 An example of the section where vorticity data are collected 
(A), and their histogram (B) 
(A) 
(B)  
Section 1 
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4.2.4 Measurement of mean flame propagation speed, flame 
acceleration, unburned gas velocity, and burning velocity 
There are two methods for the calculation of mean flame propagation speed. 
The first is using the circle that has the identical area to the burned area of a 
flame image, which is shown in Figure 4.15 in Sec. 4.2.1. Mean radius rm is 
measured by Eq. (4.15), and mean flame propagation speed 𝑆𝑆𝑖𝑖�  can be 
calculated by the following equation: 
 
𝑆𝑆𝑖𝑖� = 𝑑𝑑𝑑𝑑𝑚𝑚𝑑𝑑𝑡𝑡  Eq. (4.23) 
 
 
Figure 4.33 An example of flame contour lines (green lines) and the 
corresponding circles (magenta lines) 
 
Figure 4.33 shows an example of the flame contour lines and the 
corresponding circles that are used to calculate the mean flame propagation 
speed 𝑆𝑆𝑖𝑖� . The green lines indicate flame contour lines, and the magenta lines 
represent the circles that have the identical areas to the burned areas of the 
(1) 
(2) (3) 
(4) 
(5) 
(6) (7) 
(8) (9) 
(1) 2.8 ms 
(2) 3.2 ms 
(3) 3.6 ms 
(4) 4.0 ms 
(5) 4.4 ms 
(6) 4.8 ms 
(7) 5.2 ms 
(8) 5.6 ms 
(9) 6.0 ms 
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corresponding flame contour lines. The fuel was a stoichiometric methane-air 
mixture, and the ignition timing was 27.6 º CA bTDC. The initial pressure and 
temperature at the start of combustion were 5 bar in absolute pressure and 
439 K. The time step between two consecutive flame contour lines was 0.4 
ms, and the time when each flame image was obtained is seen in the figure. 
The other calculation for mean flame propagation speed is using each flame 
propagation speed at a point along the flame contour line. That is, after 
summing the whole values of flame propagation speeds at the entire points 
consisting of the corresponding flame contour line, the total value is divided 
by the number of the points. Using the mean flame propagation speed, flame 
acceleration is calculated. The relevant equations are as follows: 
 
𝑆𝑆̅ = 1
𝑉𝑉
�𝑆𝑆𝑘𝑘
𝑑𝑑
𝑘𝑘=1
 
Eq. (4.24) 
 
𝐴𝐴 = 𝑑𝑑𝑆𝑆̅(𝑡𝑡)
𝑑𝑑𝑡𝑡
 Eq. (4.25) 
 
where mean flame propagation speed is 𝑆𝑆̅, n the number of the whole points 
consisting of a flame contour line, k the index of the point, 𝑆𝑆𝑘𝑘 an arbitrary flame 
propagation speed at the corresponding point, A flame acceleration, t time. 
In relation to mean flame propagation speeds, 𝑆𝑆𝑖𝑖�  and 𝑆𝑆̅ , there is a slight 
difference. Figure 4.34 shows the result of the comparison. There may be 
several causes that make the difference. One of the causes can be the 
direction where flame at each point propagates. As mentioned in Sec. 4.2.1, 
the direction of flame propagation at each point is perpendicular to it. As seen 
in Figure 4.35 (A), when the shape of a flame contour line becomes convex or 
concave, the displacement changes. The variation of displacement along a 
flame contour line leads to the change of flame propagation speed, and 
eventually has an influence on the calculation of mean flame propagation 
speed 𝑆𝑆𝑑𝑑���. The second cause is the limitation of image resolution. Figure 4.36 
shows the change of flame propagation speed of the corresponding circles, 
which are the part of the entire circles shown in Figure 4.33. Theoretically, 
although the flame propagation speed in each circle does not change with 
respect to angle, it varies. This is caused by image resolution, and the range 
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is about ± 10 cm/s. The resolution of a flame image that was taken in the 
present research is 1024 x 1024 pixels. 
 
 
Figure 4.34 Comparison of the two mean flame propagation speeds 
 
 
Figure 4.35 A simple sketch for the comparison of the difference 
between the displacements of the flame contour line (A) and those of 
circle line (B) having the identical area to the burned area of the flame 
image 
 
Se S 
(A) (B) 
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Figure 4.36 The changes of the flame propagation speed (B) for the 
corresponding circles (A) with respect to angle 
 
(1) 3.2ms 
(2) 3.6ms 
(3) 4.0ms 
(1) 
(2) 
(3) 
(A) 
(B) 
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Because of these causes, a difference between two mean flame propagation 
speeds occurs. However, the difference is 5 cm/s and not large compared with 
the mean flame propagation speed, which is about 3 m/s. Hence, mean flame 
propagation speed 𝑆𝑆̅ calculated through Eq. (4.24) was used in this paper. 
Mean normal unburned gas velocity 𝑉𝑉𝑑𝑑�  and burning velocity 𝑈𝑈�  are also 
calculated just as 𝑆𝑆̅. The relevant equations are as follows: 
 
𝑉𝑉𝑑𝑑� = 1𝑉𝑉�𝑉𝑉𝑑𝑑𝑘𝑘𝑑𝑑
𝑘𝑘=1
 
Eq. (4.26) 
 
𝑈𝑈� = 1
𝑉𝑉
�𝑈𝑈𝑘𝑘
𝑑𝑑
𝑘𝑘=1
 
Eq. (4.27) 
 
where n is the number of the whole points consisting of a flame contour line, 
k is the index of a point, 𝑉𝑉𝑑𝑑𝑘𝑘 and 𝑈𝑈𝑘𝑘 represent an arbitrary normal unburned 
gas velocity and burning velocity at a point respectively. Figure 4.37 shows an 
example of changes of 𝑆𝑆̅, 𝑉𝑉𝑑𝑑� , and 𝑈𝑈� with respect to time that were calculated 
through Eq. (4.24) to Eq. (4.27). 
 
 
Figure 4.37 An example of changes of the flame propagation speed, 
normal unburned gas velocity, and burning velocity with respect to time  
 - 148 - 
 
Chapter 5 Result and discussion 
 
In this chapter, the results of the current research are discussed and analysed. 
The experimental condition is first described, and then the results of the 
experiment are presented. When discussing and analysing a flame edges 
image, three sections are chosen. The first section is a convex part, the 
second a concave part, and the third a smoothly-cured part. In each section, 
the results of measurements mentioned in Sec. 4.2 are presented and 
analysed. 
 
 
5.1 Engine operating condition 
In order to minimize the effect of turbulence inside the cylinder, the research 
engine was operated at 50 rpm. Through the measurement of mean unburned 
gas velocity shown in 3.4.3 and the relevant researches (Hussin 2012, Ling 
2014, Chen 2016), it was assumed that the experimental condition was 
laminar. Assuming that the compression stroke of the research engine was an 
isentropic process, the initial pressure and temperature at the start of ignition 
were measured, and they were 4 bar in absolute pressure and 414 K 
respectively. The fuel mixtures that were adopted in the current work were 
three gaseous fuels: a hydrogen-, methane-, and propane-air mixture. In order 
to investigate cellular flame under a laminar condition, the hydrogen- and 
methane-air mixture were lean, and the propane-air mixture was rich: they 
were close to their flammability. Table 5.1 shows the experimental condition 
of the current work. 
 
Table 5.1 Experimental condition  
Experimental 
Case 
Fuel 
 
Φ  tign [ºCA bTDC] P0 [abs. bar] T0 [K] 
1 H2 0.4 36.2 4 414 
2 CH4 0.6 36.2 4 414 
3 C3H8 2.0 36.2 4 414 
ϕ: Equivalence ratio / tign: ignition timing / P0: the initial pressure at the start of 
ignition / T0: the initial temperature at the start of ignition  
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5.2 Result of the lean hydrogen-air mixture 
The first experimental case is a lean hydrogen-air mixture case. The 
composition of the mixture was 0.4, and the ignition timing tign was 36.2 º CA 
bTDC. The inter-frame time between double frames to obtain the flow field of 
unburned gas velocity was 0.1 ms, and the time step between two consecutive 
flame images to measure flame propagation speed was 1.6 ms. When the 
ignition started, the initial pressure P0 and temperature T0 were 4 bar and 414 
K respectively. 
 
 
Figure 5.1 Propagating flame images and the corresponding edges 
image at the experimental case 1. Fuel: H2-air, ϕ: 0.4, tign: 36.2° CA bTDC, 
P0: 4 bar, T0: 414 K 
 
Figure 5.1 shows the developing flame images with respect to time and the 
relevant flame edges image. In the flame images, the white digits represent 
elapsing time after ignition. The black area in each flame image indicates 
burned area, the relatively bright grey area represents unburned area, and the 
white part near the centre is a spark plug.  
As the flame develops, it gradually becomes wrinkled and unstable. Especially, 
until 16.8 ms, the flame is relatively stable and smooth. When the elapsing 
time is 18.4 ms, the flame starts becoming unstable. While the flame 
propagates outwardly, some parts become convex or concave toward the 
unburned side, and the other part has a relatively smooth-curved surface. At 
a convex, concave, and smoothly-curved part, the characteristics of 
combustion such as the variation of flame propagation speed were 
investigated. 
13.6 ms 15.2 ms 16.8 ms 18.4 ms 
20.0 ms 21.6 ms 23.2 ms 
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Figure 5.2 Selection of the local areas through the flame edges image 
(A) and the change of the relevant wavenumber k (B) 
 
A distinguishably convex, concave, and smooth-curved part were selected, 
referring to the flame edges image and the variation of the corresponding 
wavenumbers. Figure 5.2 shows the selected parts: the section 1, 2, and 3 
indicate a convex, concave, and smooth-curved part respectively. Figure 5.2 
0º 
15º 
-25º 
-40º 
-110º 
-130º 
(A) Flame edges image 
Section 1 Section 2 
Section 3 
(B) k vs angle 
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(A) shows a flame edges image, and the green lines represent flame contour 
lines as the flame propagates. Figure 5.2 (B) represents the change of 
wavenumber with respect to angle as the flame develops. In the case of the 
section 1, wavenumber mostly ranges between 0.7 and 2.0. The range of 
wavenumber in the section 2 is approximately between -0.5 and 0.5. The 
wavenumber of the section 3 varies from 0.7 to 1.3 along the selected flame 
contour line.  
 
 
Figure 5.3 The enlarged section 1 image 
 
Figure 5.3 shows the enlarged image of the section 1. The shape of the flame 
contour line gradually changes as the flame develops. At the region where the 
angle ranges from 5 to 10º, the flame changes from a concave to convex 
shape, whereas the diametrically opposed change of the flame shape is seen 
at the regions in the vicinity of 0 or 15º. 
Figure 5.4 represents the change of flame propagation speed and 
wavenumber with respect to angle in the section 1. In the figure, the black and 
yellow dots indicate flame propagation speed S and wavenumber k at each 
angle respectively. Let’s focus on the region ranging from 5 to 10º where the 
flame changes from a concave to convex shape.  
When time is 13.6 ms, wavenumber k is about 0.5, and flame propagation 
speed is about 0.7 m/s. At 15.2 ms, the change of wavenumber with respect 
to angle is almost similar to the one at 13.6 ms. However, the flame 
propagation speed starts rising slightly compared with the one at 13.6 ms. The 
increase of flame propagation speed is kept at 16.8 ms, and the wavenumber 
also begins increasing at the same time.  
Direction of flame propagation 
13.6 ms 
15.2 ms 
16.8 ms 
18.4 ms 
20.0 ms 
21.6 ms 
23.2 ms 
0º 
15º 
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Figure 5.4 Change of flame propagation speed S (black dot) and 
wavenumber k (yellow dot) with respect to angle in the section 1 of the 
experimental case 1. Fuel: H2-air, ϕ: 0.4, tign: 36.2° CA bTDC, P0: 4 bar, 
T0: 414 K 
 
 
13.6 ms 15.2 ms 
16.8 ms 18.4 ms 
20.0 ms 21.6 ms 
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Figure 5.5 Change of normal unburned gas velocity Vn (blue dot) and 
burning velocity U (red dot) with respect to angle in the section 1 of the 
experimental case 1. Fuel: H2-air, ϕ: 0.4, tign: 36.2° CA bTDC, P0: 4 bar, 
T0: 414 K 
 
At 18.4 ms, wavenumber increases much, and the local maximum value is 
about 2.5. At this moment, a rise in flame propagation speed stops. When time 
is 20.0 ms, the increase of wavenumber is kept, and flame propagation speed 
rather decreases. At 21.6 ms, wavenumber decreases to 2.0, and flame 
propagation speed slightly increases, which is about 1.1 m/s. It seems that the 
relationship between wavenumber and flame propagation speed is inversely 
proportional. 
Figure 5.5 shows the change of normal unburned gas velocity and burning 
velocity with respect to angle in the section 1. The blue and red dots in the 
figure represent normal unburned gas velocity Vn and burning velocity U at 
13.6 ms 15.2 ms 
16.8 ms 18.4 ms 
20.0 ms 21.6 ms 
 - 154 - 
 
each angle respectively. Let’s concentrating on the region from 5 to 10º where 
the flame shape changes from a concave to convex shape toward the 
unburned area. 
When time is 13.6 ms, Vn and U are about 0.1 and 0.4 m/s respectively, and 
the two velocities do not vary much with respect to angle. At 15.2 ms, there is 
an increase in Vn in the vicinity of 5º, whereas U diminishes. Vn near 10º 
decreases, and U increases up to 0.5 m/s. When time is 16.8 ms, the changes 
of Vn and U with respect to angle are similar to the ones at 15.2 ms, but Vn 
gradually diminishes as the angle changes from 5 to 10º, whereas U rises. 
At 18.4 ms, the changes of Vn and U with respect to angle are not much. When 
time is 20.0 ms, the two velocities generally decreases compared to the ones 
at 18.4 ms. At the same time, Vn and U change with respect to angle. The 
values of Vn near 5º are relatively less than the ones in the vicinity of 10º. In 
contrast, U gradually decreases as the angle changes from 5 to 10º. At 21.6 
ms, there are a few increases in the two velocities, and their changes between 
5 and 10º are irregular again. 
The description of the region between 5 and 10º in Figure 5.4 and Figure 5.5 
can be summarized as follows. While time elapses from 13.6 to 16.8 ms, the 
flame propagation speed gradually increase until the wavenumber 
approaches one. During the time, the initially stable normal unburned gas 
velocity and burning velocity become fluctuated, and it is shown that the two 
velocities at a certain region have relatively larger or smaller than the ones at 
the other region. When the increase of flame propagation speed stops and the 
wavenumber has the maximum value at 18.4 ms, the change of normal 
unburned gas velocity and burning velocity with respect to angle diminishes, 
and seems stable again. When flame propagation speed decreases and the 
wavenumber still has the similarly high value which is larger than 1.0, normal 
unburned gas velocity and burning velocity become fluctuated again, and 
each velocity has a higher value at a certain region than at the other region. 
While the flame propagation speed between 5 and 10º increases from 13.6 to 
16.8 ms, the effect of thermal expansion caused by the burned gas should be 
considered. As mentioned in Sec. 4.2.2, flame propagation speed S consists 
of the burning velocity U and normal unburned gas velocity Vn which is 
affected by the thermal expansion of burned gas (Balusamy et al. 2011, Long 
and Hargrave 2011, Burluka 2015). The flame shape in the region at 13.6 ms 
is concave, and the unburned gas in front of the flame front may converge 
more easily than the one at the convex region as the thermal expansion of the 
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burned gas compresses the unburned gas. Additionally, since flame is a 
concave shape, additional heat and free radicals can be provided and 
converged (Hertzberg 1989). 
At the same time, since the composition of the hydrogen-air mixture in this 
experimental case is lean, the preferential diffusion of the hydrogen occurs 
(Hertzberg 1989, Lipatnikov 2012). Hence, the hydrogen diffusional flow 
converges at the concave region. The preferential diffusion of the hydrogen 
makes the local composition become stoichiometric, and the shift of the 
mixture composition leads to the change of burning velocity: refer to the red-
dashed box of Figure 2.11 (A). However, it should be noted that the burning 
velocity near 10º is larger than the one near 5º when time is 15.2 and 16.8 ms. 
This means that the composition of the hydrogen-air mixture near 10º 
becomes relatively rich and the composition near 5º becomes lean. Because 
of the effect of thermal expansion and the preferential diffusion of the 
hydrogen, the normal unburned gas velocity and the burning velocity vary as 
the angle change from 5 to 10º at 15.2 and 16.8 ms in Figure 5.5.  
In the regions where the angle is 0-5º and 10-15º, the opposite phenomenon 
is observed. While time elapses from 13.6 to 16.8 ms, wavenumber changes 
from 0.7 to 2.0, and flame propagation speed in the regions gradually 
decreases and is slower than the one between 5 and 10º. During the time, the 
flame shape is convex toward the unburned gas. At the convex region, the 
effect of the thermal expansion of the burned gas on the unburned gas is 
reduced, and heat and free radicals are also dispersed (Hertzberg 1989). 
Additionally, the preferential diffusion of the hydrogen into the flame front is 
divergent, and as a result, the composition of the mixture at the convex region 
becomes leaner. 
Figure 5.6 represents the relationship between the flame propagation speed 
and the wavenumber in the section 1. Flame propagation speed increases 
precipitously as wavenumber approaches zero. A rapid increase in the flame 
propagation speed seems to start when the wavenumber is about 0.5. And 
flame propagation speed gradually decreases as the wavenumber is larger 
than 0.5. Especially, when the wavenumber ranges from 0.6 to 1.5, the value 
of the flame propagation speed seems very stable. Although flame 
propagation speed continues to decreases when the wavenumber is larger 
than 1.5, the reduction is relatively very small. 
Figure 5.7 shows the variation of the local mean flame propagation speed, 
normal unburned gas velocity, burning velocity, and acceleration with respect  
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Figure 5.6 Variation of flame propagation speed S with respect to 
wavenumber k in the section 1 of the experimental case 1. Fuel: H2-air / 
ϕ: 0.4 / tign: 36.2° CA bTDC / P0: 4 bar / T0: 414 K 
 
 
Figure 5.7 Variation of local mean flame propagation speed 𝑺𝑺� (black dot), 
normal unburned gas velocity 𝑽𝑽𝒏𝒏���� (blue dot), burning velocity 𝑼𝑼� (red dot), 
and acceleration A (yellow dot) with respect to time in the section 1 of 
the experimental case 1. Fuel: H2-air / ϕ: 0.4 / tign: 36.2° CA bTDC / P0: 4 
bar / T0: 414 K 
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to time in the section 1. While the flame propagates, local mean flame 
propagation speed 𝑆𝑆̅ has the stable value, which is about 0.9 m/s. During the 
development of the flame, although local mean normal unburned gas velocity 
𝑉𝑉𝑑𝑑�  and burning velocity 𝑈𝑈� change with respect to time, their changes also are 
not much. Through the explanation about Figure 5.4, it is confirmed that the 
flame propagation speed near the region where the angle ranges from 5 to 
10º generally increase with respect to time. However, as the flame propagates, 
the change of flame propagation speed near the other region is opposite. 
While the flame propagation speed between 5 and 10º gradually increase, the 
speed near the other region decrease simultaneously. The change of flame 
propagation speed with respect to angle is not reflected in the local mean 
flame propagation speed, which is also shown in the local mean normal 
unburned gas velocity and burning velocity. Therefore, it is necessary to 
compare the local mean values with the ones of the section 3: the section 3 
deals with the smooth-curved part. As shown in Figure 5.17, when the flame 
develops in a smooth-curved shape, the flame propagation speed is between 
0.5 and 0.6 m/s. In the section 1, the flame changes into a convex shape 
toward the unburned gas. It can be learned that the local mean flame 
propagation speed, normal unburned gas velocity, and burning velocity are 
generally increased through the effect of thermal expansion caused by the 
burned gas and the preferential diffusion of the hydrogen. 
 
 
Figure 5.8 The enlarged section 2 image 
 
Figure 5.8 is the enlarged image of the section 2 seen in Figure 5.2 (A). The 
change of flame shape in this section seems relatively more complex than the  
Direction of flame propagation 
13.6 ms 
15.2 ms 
16.8 ms 
18.4 ms 
20.0 ms 
21.6 ms 
23.2 ms 
-130º 
-110º 
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Figure 5.9 Change of flame propagation speed S (black dot) and 
wavenumber k (yellow dot) with respect to angle in the section 2 of the 
experimental case 1. Fuel: H2-air / ϕ: 0.4 / tign: 36.2° CA bTDC / P0: 4 bar / 
T0: 414 K 
 
one in the section 1. The flame almost keeps its shape until 16.8 ms, which 
seems like an inclined straight line. And then, the concave region appears 
between -120 and -110º at 18.4 ms and the other region seems relatively 
convex. This shape continues at 20.0 ms. When the time is 21.6 ms, a part of 
the concave region at 20.0 ms changes into a convex shape, and the other 
part keeps its concave shape. And then, the flame at 23.2 ms returns to the 
shape which is similar to the one at 13.6 ms. 
13.6 ms 15.2 ms 
16.8 ms 18.4 ms 
20.0 ms 21.6 ms 
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Figure 5.10 Change of normal unburned gas velocity Vn (blue dot) and 
burning velocity U (red dot) with respect to angle in the section 2 of the 
experimental case 1. Fuel: H2-air / ϕ: 0.4 / tign: 36.2° CA bTDC / P0: 4 bar / 
T0: 414 K 
 
The change of flame propagation speed and wavenumber with respect to 
angle is shown in Figure 5.9. The black and yellow dots in the figure represent 
flame propagation speed S and wavenumber k at each angle respectively. 
Until 15.2 ms, wavenumber ranges between 0.5 and 1.0 at most of the angles, 
and flame propagation speed also varies from 0.4 to 0.5 m/s except several 
points. When time is 16.8 and 18.4 ms, a large increase in the flame 
propagation speed occurs between -125 and -115º. At this moment, the 
corresponding wavenumber ranges between -0.5 and 0.0. While time elapses 
from 20.0 to 21.6 ms, flame propagation speed between -125 and -115º 
gradually decreases, and the wavenumber slowly increases with the local 
fluctuation.  
13.6 ms 15.2 ms 
16.8 ms 18.4 ms 
20.0 ms 21.6 ms 
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Figure 5.10 shows the change of normal unburned gas velocity and burning 
velocity with respect to angle in the section 2. In the figure, the blue and red 
dots mean normal unburned gas velocity Vn and burning velocity U at each 
angle respectively. Except for 13.6 ms, as the flame develops, burning velocity 
generally changes much with respect to angle, whereas the change of normal 
unburned gas velocity is not much. Especially, in the region where the angle 
ranges from -125 to -115º, burning velocity increases radically when time is 
16.8 and 18.4 ms, and the normal unburned gas velocity at those moments is 
close to 0.1 m/s: it seems that the sudden increase in the burning velocity 
mainly leads to the increase in the flame propagation speed.  
And it is noticeable that normal unburned gas velocity is reduced when the 
wavenumber varies from -0.5 to 0.0 in Figure 5.9. While time elapses from 
20.0 to 21.6 ms, flame propagation speed generally decreases and 
wavenumber increase. Simultaneously, burning velocity generally diminishes 
and normal unburned gas velocity does not change much. As opposed to the 
region where flame changes from a concave to convex shape in the section 
1, it seems that the change of burning velocity caused by the preferential 
diffusion of the hydrogen affects is very much. And the burning velocity is the 
main factor in the change of flame propagation speed when the wavenumber 
is negative.  
Figure 5.11 shows the variation of flame propagation speed with respect to 
wavenumber in the section 2. When wavenumber is positive and becomes 
close to zero, flame propagation speed increases. Especially, the 
wavenumber is less than 0.5, the increase in the flame propagation speed is 
very large. Since the section 2 shows that the flame shape is mainly concave, 
it is necessary to concentrate on when the wavenumber is negative. As 
wavenumber changes from -0.5 to 0.0, the corresponding flame propagation 
speed increases much, which is similar to when the wavenumber varies from 
0.5 to 0.0. As seen in Figure 5.9 to Figure 5.11, compared with the changes 
of normal unburned gas velocity and burning velocity in the section 1, burning 
velocity seems to be a more important factor in changing the flame 
propagation speed than normal unburned gas velocity when the wavenumber 
changes from -0.5 to 0.0. 
As seen in the region ranging between 5 and 10º in Figure 5.4 and Figure 5.5, 
when wavenumber changes from 0.5 to 0.0, normal unburned gas velocity 
and burning velocity have a tendency to increase together. On the contrary, 
when wavenumber varies from -0.5 to 0.0, the change of normal unburned 
gas velocity is minute and the burning velocity increase sharply: refer to the  
 - 161 - 
 
 
Figure 5.11 Variation of flame propagation speed S with respect to 
wavenumber k in the section 2 of the experimental case 1. Fuel: H2-air / 
ϕ: 0.4 / tign: 36.2° CA bTDC / P0: 4 bar / T0: 414 K 
 
 
Figure 5.12 Variation of local mean flame propagation speed 𝑺𝑺� (black 
dot), normal unburned gas velocity 𝑽𝑽𝒏𝒏���� (blue dot), burning velocity 𝑼𝑼� (red 
dot), and acceleration A (yellow dot) with respect to time in the section 
2 of the experimental case 1. Fuel: H2-air / ϕ: 0.4 / tign: 36.2° CA bTDC / 
P0: 4 bar / T0: 414 K 
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region where angle is from -125 to -115º in Figure 5.9 and Figure 5.10. It can 
be realized that the effect of preferential diffusion of the hydrogen is prominent 
when the wavenumber is negative. 
Figure 5.12 shows the variation of local mean flame propagation speed (black 
dot), normal unburned gas velocity (blue dot), burning velocity (red dot), and 
acceleration (yellow dot) with respect to time in the section 2. As seen in 
Figure 5.8, until 16.8 ms when the flame shape does not change much, local 
mean flame propagation speed 𝑆𝑆̅ and burning velocity 𝑈𝑈� have a stable value, 
and local mean normal unburned gas velocity 𝑉𝑉𝑑𝑑�  starts rising slightly. From 
18.4 to 20.0 ms when the flame changes into a concave shape, 𝑆𝑆̅, 𝑉𝑉𝑑𝑑� , and 𝑈𝑈� 
increase together, and an increase in 𝑈𝑈� is relatively larger than the one in 𝑉𝑉𝑑𝑑� . 
During the increase, the flame is also accelerated. When the flame 
perturbation is gradually erased at 21.6 and 23.2 ms, 𝑆𝑆̅, 𝑉𝑉𝑑𝑑� , and 𝑈𝑈� decreases 
together. It can be learned that the preferential diffusion of the hydrogen has 
an influence on the change of burning velocity by changing the mixture 
composition. However, the variation of the normal unburned gas velocity 
seems smaller than the one in the section 1.  
 
 
Figure 5.13 The enlarged section 3 image 
 
Figure 5.13 shows the enlarged image of the section 3. Compared to the 
section 1 and 2 in Figure 5.3 and Figure 5.8, it seems that the variation of 
flame shape with respect to angle at each time is smooth. And the change of  
flame shape with respect to time is not much. 
Figure 5.14 shows the change of flame propagation speed and wavenumber 
with respect to angle in section 3. The black and yellow dots represent flame  
Direction of flame propagation 
13.6 ms 
15.2 ms 
16.8 ms 
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Figure 5.14 Change of flame propagation speed S (black dot) and 
wavenumber k (yellow dot) with respect to angle in the section 3 of the 
experimental case 1. Fuel: H2-air / ϕ: 0.4 / tign: 36.2° CA bTDC / P0: 4 bar / 
T0: 414 K 
 
propagation speed S and wavenumber k at each angle respectively. Except 
for the certain region where the angle ranges from -30 to -25º at 18.4 and 20.0 
ms, the change of flame propagation speed is between 0.4 and 0.5 m/s. And 
the corresponding wavenumber ranges from 0.5 to 1.0. 
The variation of flame propagation speed with respect to angle at each time 
seems considerably stable compared with the ones in the section 1 and 2. 
Especially, while wavenumber varies from 0.7 to 1.0, flame propagation speed 
is about 0.5 m/s and barely changes. When the wavenumber between -30 and 
-25º at 18.4 and 20.0 ms becomes lower than 0.5, the flame propagation  
 
13.6 ms 15.2 ms 
16.8 ms 18.4 ms 
20.0 ms 21.6 ms 
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Figure 5.15 Change of normal unburned gas velocity Vn (blue dot) and 
burning velocity U (red dot) with respect to angle in the section 3 of the 
experimental case 1. Fuel: H2-air / ϕ: 0.4 / tign: 36.2° CA bTDC / P0: 4 bar / 
T0: 414 K 
 
speed rises rapidly, which is about 2.0 m/s. And then the flame propagation 
speed at 21.6 ms decreases up to 0.3 m/s. 
Figure 5.15 shows the change of normal unburned gas velocity Vn (blue dot) 
and burning velocity U (red dot) with respect to angle in the section 2. 
Generally, the normal unburned gas velocity and burning velocity do not 
change much just as the flame propagation speed: both velocities range from 
0.1 to 0.4 m/s. When the wavenumber between -30 and -25º at 18.4 and 20.0 
ms becomes lower than 0.5 in Figure 5.14, the normal unburned gas velocity 
and burning velocity increase together, and then return to the stable values. 
 
13.6 ms 15.2 ms 
16.8 ms 18.4 ms 
20.0 ms 21.6 ms 
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Figure 5.16 Variation of flame propagation speed S with respect to 
wavenumber k in the section 3 of the experimental case 1. Fuel: H2-air / 
ϕ: 0.4 / tign: 36.2° CA bTDC / P0: 4 bar / T0: 414 K 
 
Figure 5.16 shows the variation of flame propagation speed with respect to 
wavenumber in the section 3. In this section, the flame contour line at each 
time is curved smoothly with respect to angle and the flame shape does not 
change much as the flame develops. Because of this, the change of 
wavenumber ranges from 0.5 to 1.5 except for the certain region, which is 
between -30 and -25º at 18.4 and 20.0 ms. As seen in the figure, as the 
wavenumber changes from 0.5 to 1.3, the flame propagation speed varies 
from 0.4 to 0.7, and its variation also seems stable. 
Figure 5.17 shows the variation of local mean flame propagation speed (black 
dot), normal unburned gas velocity (blue dot), burning velocity (red dot), and 
acceleration (yellow dot) with respect to time in the section 3. The local mean 
flame propagation speed 𝑆𝑆̅ barely changes as the flame propagates, which is 
about 0.5 m/s. It is seen that although local mean unburned gas velocity 𝑉𝑉𝑑𝑑�  
and burning velocity 𝑈𝑈� change their amounts are small. 
Through the changes of flame propagation speed, normal unburned gas 
velocity, burning velocity, and wavenumber in the section 1, 2, and 3, as the 
flame develops, their relationship can be explained below in terms of 
wavenumber: 
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Figure 5.17 Variation of local mean flame propagation speed 𝑺𝑺� (black 
dot), normal unburned gas velocity 𝑽𝑽𝒏𝒏���� (blue dot), burning velocity 𝑼𝑼� (red 
dot), and acceleration A (yellow dot) with respect to time in the section 
3 of the experimental case 1. Fuel: H2-air / ϕ: 0.4 / tign: 36.2° CA bTDC / 
P0: 4 bar / T0: 414 K 
 
Where wavenumber is positive, which means that flame changes from a flat 
to convex shape or from a convex to flat shape toward the unburned gas, 
flame propagation speed decreases as wavenumber increases. While 
wavenumber changes from 0.0 to 0.5, the flame propagation speed decreases 
sharply, and normal unburned gas velocity and burning velocity also change 
radically. As wavenumber becomes larger than 0.5, the gradient of the 
reduction in the flame propagation speed gradually decreases. During the 
decrease in flame propagation, normal unburned gas velocity and burning 
velocity also diminish together, but their changes are not much. After there is 
perturbation in a flame front and the corresponding wavenumber is larger than 
zero, the flame tends to change between a flat and convex shape with respect 
to time. Therefore, the wavenumber has a tendency to keep a positive value. 
Where wavenumber is negative, which means that flame changes from a 
concave to flat shape or from a flat to concave shape toward the unburned 
gas, flame propagation speed increases as wavenumber approaches zero. 
Especially, an increase in flame propagation is very large when the 
wavenumber varies from -0.5 to 0.0. While flame propagation speed increases 
radically, the burning velocity also rises and seems to have more effects on 
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the increase than the normal unburned gas velocity. After flame is perturbed 
and its wavenumber becomes lower than zero, the flame tends to change 
between a concave and smoothly-curved shape with respect to time. That is, 
the wavenumber has a tendency to vary between -0.5 and 1.0. 
In the view of a spatial change in wavenumber at each time, where 
wavenumber is relatively large at a certain region, the wavenumber at the 
adjacent regions is small. And where the wavenumber at a certain region is 
relatively small, the wavenumber at the neighbouring regions is large. As the 
absolute value of wavenumber becomes close to zero, the flame propagation 
speed, unburned gas velocity, and burning velocity increase. Since the 
preferential diffusion of the hydrogen occurs in this mixture, the local mixture 
composition becomes richer at the region where the wavenumber is negative 
and the flame shape is concave toward the unburned gas, whereas the 
mixture becomes leaner at the adjacent regions where the wavenumber is 
positive and the flame shape is convex. A spatial change in equivalence ratio 
of a mixture leads to a spatial change in flame propagation speed. However, 
the flame propagation speed changes in a certain range, which means that 
the local equivalence ratio influenced by the preferential diffusion of the 
hydrogen varies in a certain range. 
In the view of a temporal change in wavenumber at a convex or concave 
region, wavenumber repeats an increase and decrease, and flame 
propagation speed also repeats a decrease and increase. Since the thermal 
expansion caused by the burned gas and the preferential diffusion of the 
hydrogen in this lean mixture take place, the normal unburned gas velocity 
and burning velocity increase at a concave region and decrease at a convex 
region. The gradient of the increase and decrease seems related to the 
gradient of burning velocity that is shown in Figure 2.11 (A) (Hertzberg 1989, 
Lipatnikov 2012). Where a mixture is locally leaner, flame propagation speed 
increases more rapidly owing to the preferential diffusion of the hydrogen. 
Where the local composition of a mixture is richer, flame propagation speed 
decreases more rapidly. Although there are repeated increases and 
decreases, the sign of the wavenumber does not change. Where wavenumber 
is positive, the flame changes from a flat to convex shape or from a convex to 
flat shape. Where wavenumber is negative, the flame changes from a concave 
to flat shape or from a flat to concave shape. This means that the local 
equivalence ratio affected by the preferential diffusion of the hydrogen repeats 
an increases and decrease in a certain range. 
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Figure 5.18 shows the change of the local mean wavenumber 𝑘𝑘� with respect 
to time (A) and the relevant vorticity histogram (B) for the section 1. In Figure 
5.18 (B), the positive value means the clockwise vorticity of unburned gas, 
and where the value is negative, the direction of vorticity is anticlockwise. The 
light blue, brown, grey, yellow, dark blue, and green lines are the histograms 
of the vorticity data that were obtained at 13.6, 15.2, 16.8, 18.4, 20.0, 21.6 ms 
respectively. Each vorticity data are for the area between two consecutive 
flame contour lines: these colour lines are applied in the same way to the 
section 2 and 3. Since an area between two consecutive flame contour lines 
becomes large as flame develops, the number of vorticity data also becomes 
large. Therefore, the unit of frequency is represented as percent in order to 
compare the change of histograms.  
While time elapses from 13.6 to 16.8 ms, the local mean wavenumber 
gradually increases, and then starts decreasing. Before the local mean 
wavenumber decreases, the shape of the histogram changes and the 
frequency of clockwise vorticity increases. As time elapses from 16.8 to 21.6 
ms, the local mean wavenumber gradually decrease, and the frequency of the 
clockwise vorticity gradually decreases. During the time, the shape of the 
histogram becomes close to symmetry. The shape of the histogram between 
21.6 and 23.2 ms is similar to the one between 13.6 and 15.2 ms, and the 
corresponding local mean wavenumbers are also similar. Although the shape 
of the flame contour lines at 13.6 and 23.2 ms in Figure 5.3 seem very different, 
it seems that a large value of the wavenumber near 0 and 15º at 13.6 ms 
moves between 5 and 10º at 23.2 ms. 
Figure 5.19 shows the change of the local mean wavenumber 𝑘𝑘� with respect 
to time (A) and the relevant vorticity histogram (B) for the section 2. From 13.6 
to 16.8 ms when the local mean wavenumber gradually decreases, the 
histogram seems to keep a similar shape and is close to symmetry: it is shown 
in Figure 5.8 that the flame also keeps the similar shape much as an inclined 
straight line. When the local mean wavenumber at 18.4 ms has a minimum 
value, the frequency of clockwise vorticity increases, and as shown in Figure 
5.8 the concave part on the flame contour line appears. From 20.0 to 23.2 ms 
when the local mean wavenumber gradually increases, although the 
histogram is inclined to a positive value, the increase in the frequency of 
clockwise vorticity gradually decreases, which seems that the shape of the 
histogram returns to a symmetrical shape. During the time, the concave part 
on the flame contour line in Figure 5.8 also gradually disappears. 
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Figure 5.20 shows the change of the local mean wavenumber 𝑘𝑘� with respect 
to time (A) and the relevant vorticity histogram (B) for the section 3. Until 18.4 
ms, the local mean wavenumber keeps a stable value, which is about 0.8, the 
shape of the histogram barely changes. At 20.0 ms when the decrease in the 
local mean wavenumber starts, it is shown that the frequency of clockwise 
vorticity increases. While the local mean wavenumber decreases continuously 
from 20.0 to 23.2 ms, the frequency of clockwise vorticity gradually decrease, 
and the shape of the histogram seems to return to a symmetrical shape: 
during the time, a small size of a convex part on the flame contour line in 
Figure 5.13 shows up and the shape tends to keep. 
Through Figure 5.18, Figure 5.19, and Figure 5.20, the relationship between 
the change of local mean wavenumber and vorticity histogram can be 
summarized as follows. First, when an increase or decrease in local mean 
wavenumber continues, the shape of the corresponding vorticity histograms 
is close to symmetry. Second, when the trend of local mean wavenumber 
changes from increase to decrease or from decrease to increase, the shape 
of histogram becomes asymmetric and the frequency of clockwise vorticity 
increases. 
Since the thermal expansion caused by burned gas affects unburned gas in 
front of a flame surface (Balusamy et al. 2011, Long and Hargrave 2011, 
Burluka 2014), it seems reasonable that the shape of vorticity histogram 
becomes asymmetric when the trend of local mean wavenumber changes. 
Considering the ideal case where the shape of flame keeps a circle and the 
direction of the flame propagation at each point on the flame contour line is 
perpendicular to that point, the stationary unburned gas in front of the flame 
surface travels in the perpendicular direction. Hence, the clockwise and 
anticlockwise vorticities occur at the same time and their magnitudes are also 
identical, which is represented as a symmetrical shape of vorticity histogram. 
For this reason, when local mean wavenumber continue to increase or 
decrease, which means that the flame keeps a similar shape, the shape of the 
vorticity histogram becomes symmetrical. On the contrary, when the trend of 
local mean wavenumber changes and the shape of the corresponding flame 
varies, the shape of the vorticity histogram becomes asymmetric. 
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Figure 5.18 Change of the local mean wavenumber 𝒌𝒌� with respect to time 
(A) and the relevant vorticity histogram (B) for the section 1 of the 
experimental case 1. Fuel: H2-air / ϕ: 0.4 / tign: 36.2° CA bTDC / P0: 4 bar / 
T0: 414 K 
 
 
(A) k vs time 
(B) Histogram 
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Figure 5.19 Change of the local mean wavenumber 𝒌𝒌� with respect to time 
(A) and the relevant vorticity histogram (B) for the section 2 of the 
experimental case 1. Fuel: H2-air / ϕ: 0.4 / tign: 36.2° CA bTDC / P0: 4 bar / 
T0: 414 K 
 
(A) k vs time 
(B) Histogram 
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Figure 5.20 Change of the local mean wavenumber 𝒌𝒌� with respect to time 
(A) and the relevant vorticity histogram (B) for the section 3 of the 
experimental case 1. Fuel: H2-air / ϕ: 0.4 / tign: 36.2° CA bTDC / P0: 4 bar / 
T0: 414 K 
 
In summary, in a convex region, as wavenumber increases, flame propagation 
speed gradually decreases. The relationship between the two is inversely 
proportional. Where wavenumber increases (decreases), normal unburned 
gas velocity and burning velocity generally decrease (increase). While the 
flame propagates, flame propagation speed is slightly changed. At the same 
(A) k vs time 
(B) Histogram 
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time, normal unburned gas velocity and burning velocity vary within a certain 
range. In a concave region, as wavenumber approaches zero, flame 
propagation speed increase sharply. Where wavenumber is close to zero, 
burning velocity mainly changes and is the main factor in the increase of flame 
propagation speed. In a smoothly-curved region, while wavenumber changes, 
flame propagation speed has a stable value. Normal unburned gas velocity 
and burning velocity are also barely changed. 
In a spatial change in wavenumber at each time, where wavenumber is 
relatively large (small) at a certain region, the wavenumber at the adjacent 
regions is small (large). In a temporal change in wavenumber at a convex or 
concave region, wavenumber increases and decreases repeatedly, and flame 
propagation speed repeats decrease and increase. 
Where local mean wavenumber keeps increasing or decreasing, the shape of 
the corresponding vorticity histogram is close to symmetry for a value of 
vorticity. Where local mean wavenumber changes from increase (decrease) 
to decrease (increase), the shape of the histogram becomes asymmetric, and 
clockwise vorticity is dominant. 
These phenomena are also observed in the lean methane-air mixture and rich 
propane-air mixture experiment. 
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5.3 Result of the lean methane-air mixture 
The experimental case 2 is a lean methane-air mixture case. The equivalence 
ratio of the mixture was 0.6, and the ignition timing tign was 36.2º CA bTDC. 
The inter-frame time between double frames to gain the flow field of unburned 
gas velocity was 0.1 ms, and the time step between two consecutive flame 
images to measure flame propagation speed was 0.8 ms. When the ignition 
started, the initial pressure P0 and temperature T0 were 4 bar and 414 K 
respectively. 
 
 
Figure 5.21 Propagating flame images and the corresponding edges 
image at the experimental case 2. Fuel: CH4-air / ϕ: 0.6 / tign: 36.2° CA 
bTDC / P0: 4 bar / T0: 414 K 
 
Figure 5.21 shows the outwardly propagating flame images with respect to 
time and the corresponding flame edges image. The white digits in the flame 
images indicate elapsing time after ignition. The black area in each flame 
image represents burned area, the relatively bright grey area is unburned area, 
and the white part near the centre is a spark plug.  
Compared with the experimental case 1, the flame propagation speed of the 
lean methane mixture seems faster than that of the lean hydrogen mixture. 
When the flame starts being wrinkled in earnest, time is 7.2 ms and earlier 
than the lean hydrogen mixture flame. Relatively, the flame surface is 
smoother than that of the lean hydrogen mixture. In the case of the lean 
hydrogen mixture flame, after the flame is distorted, many convex and 
concave parts on each flame surface appear and then change irregularly. In 
contrast, the number of convex and concave parts of the lean methane 
5.6 ms 6.4 ms 7.2 ms 8.0 ms 
8.8 ms 9.6 ms 10.4 ms 
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mixture flame is less, and it is seen that the wrinkled parts of the flame surface 
keeps their shapes. 
 
 
Figure 5.22 Selection of the local areas through the flame edges image 
(A) and the change of the relevant wavenumber k (B) 
 
Figure 5.22 shows the flame edges image (A) and the change of wavenumber 
with respect to angle at each time (B). The green lines in Figure 5.22 (A) 
75º 90º 
-85º -100º 
-140º 
-160º 
(A) Flame edges image 
Section 1 Section 2 Section 3 
(B) k vs angle 
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represent the flame contour lines of the lean methane-air mixture and show 
how the flame develops. It is seen in Figure 5.22 (B) that the variation of 
wavenumber with respect to angle ranges from -1.5 to 1.6. Compared with the 
lean hydrogen-air mixture in the experimental case 1, the range of the 
variation of the wavenumber with respect to angle is relatively narrow, and the 
range with respect to time is also narrow. Referring to Figure 5.22 (A) and (B), 
the section 1, 2, and 3 were selected. The wavenumber of the section 1 ranges 
from 0.8 to 1.6, and that of the section 2 varies from -0.6 to 1.1. And the range 
of the wavenumber of the section 3 is approximately between 0.5 and 1.0. 
 
 
Figure 5.23 The enlarged section 1 image 
 
Figure 5.23 shows the enlarged image of the section 1. As the flame develops, 
the flame contour line between -95 and 90º changes into a convex shape, and 
then keeps its shape. On the contrary, the flame contour line near -100 and -
85º gradually changes into a concave shape, and then it returns to a convex 
shape. The change of the flame shape seems similar to that of the flame 
shape of the lean hydrogen-air mixture, which is seen in Figure 5.3. However, 
the flame shape of the lean methane-air mixture changes more gently with 
respect to angle and time, and the flame propagates faster. 
 
 
Direction of flame propagation 
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7.2 ms 
8.0 ms 
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Figure 5.24 Change of flame propagation speed S (black dot) and 
wavenumber k (yellow dot) with respect to angle in the section 1 of the 
experimental case 2. Fuel: CH4-air / ϕ: 0.6 / tign: 36.2° CA bTDC / P0: 4 bar 
/ T0: 414 K 
 
Figure 5.24 shows the change of flame propagation speed and wavenumber 
with respect to angle in the section 1. The black and yellow dots in the figure 
represent flame propagation speed S and wavenumber k at each angle 
respectively. Since it is distinctly seen in the region between -95 and -90º that 
the flame develops in a convex shape, the changes of flame propagation 
speed and wavenumber at that region are described in the detail. 
Until 8.0 ms, wavenumber k generally increases, and the range is between 
1.1 and 1.6. During the time, although flame propagation speed S slightly 
decreases to 1.5 m/s, the decrease is not much. At 8.8 ms, k decreases and  
 
5.6 ms 6.4 ms 
7.2 ms 8.0 ms 
8.8 ms 9.6 ms 
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Figure 5.25 Change of normal unburned gas velocity Vn (blue dot) and 
burning velocity U (red dot) with respect to angle in the section 1 of the 
experimental case 2. Fuel: CH4-air / ϕ: 0.6 / tign: 36.2° CA bTDC / P0: 4 bar 
/ T0: 414 K 
 
approaches one. Simultaneously, S rises up to 2.0 m/s, but the increase is not 
much. When time is 9.6 ms, k is kept, and S barely changes. Similar to the 
lean hydrogen-air mixture, the relationship between wavenumber and flame 
propagation speed is inversely proportional. However, the change of 
wavenumber is not as much as that of wavenumber in the lean hydrogen-air 
mixture, and the variation of flame propagation speed is also relatively large. 
Figure 5.25 shows the change of normal unburned gas velocity and burning 
velocity with respect to angle in the section 1. In the figure, the blue and red 
dots indicate normal unburned gas velocity Vn and burning velocity U at each 
angle respectively. Since the flame changes into a convex shape in the region 
5.6 ms 6.4 ms 
7.2 ms 8.0 ms 
8.8 ms 9.6 ms 
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between -95 and -90º, the change of Vn and U at that region is mainly 
investigated in the section1. 
At 5.6 ms, Vn and U have stable values and are about 1.1 and 0.5 m/s 
respectively. When time is 6.4 ms, Vn generally increases, and the Vn near -
95º is larger than the one near -90º. U also starts fluctuating, and the U near 
-95º is smaller than the one near -90º. The changes of Vn and U are kept until 
7.2 ms. From 8.0 ms to 8.8 ms, Vn barely changes and U slightly increases. 
Locally, the Vn in the vicinity of -95 and -90º is larger than the one near -92.5º, 
and the U near -95 and -90º is smaller than the one near -92.5º. At 9.6 ms, Vn 
and U are about 1.5 and 0.5 m/s, the two velocities barely change with respect 
to angle. 
The following can be summarized through Figure 5.24 and Figure 5.25. While 
wavenumber increases, flame propagation speed gradually decreases. When 
flame propagation speed diminishes, the initially stable normal unburned gas 
velocity and burning velocity become fluctuated, and each velocity locally 
changes. When wavenumber and flame propagation speed are kept, the 
normal unburned gas velocity and burning velocity become stable again: this 
phenomenon is observed in the lean hydrogen mixture. 
When flame changes into a convex shape, the thermal expansion of the 
burned gas has less effect on the unburned gas because heat and free 
radicals are dispersed (Borghi et al 1998, Lipatnikov 2012, Burluka 2014). This 
leads to the decreases of normal unburned gas velocity. In addition, the 
preferential diffusion of the methane into the flame front is divergent at a 
convex region, and the composition of the methane-air mixture at that region 
becomes leaner (Hertzberg 1989, Nakahara and Kido 1998). Hence, the 
burning velocity diminishes.  
Figure 5.26 shows the relationship between the flame propagation speed S 
and wavenumber k in the section 1. The range of wavenumber of the section 
1 is between 0.8 and 1.6. As wavenumber decreases, the flame propagation 
speed increases, but the gradient is gentle. The relationship between S and k 
is inversely proportional, and is also seen in the lean hydrogen-air mixture. 
However, although the wavenumber of the lean methane-air mixture varies as 
flame propagates, it does not approach zero: k=0 means that the flame shape 
is flat. Compared to the lean hydrogen-air mixture, the range of change of the 
wavenumber is relatively narrow. This means that although flame changes 
into a convex shape the range of the change is not much. As seen in Figure 
5.3 and Figure 5.23, the change of a flame shape of the lean hydrogen-air  
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Figure 5.26 Variation of flame propagation speed S with respect to 
wavenumber k in the section 1 of the experimental case 2. Fuel: CH4-air 
/ ϕ: 0.6 / tign: 36.2° CA bTDC / P0: 4 bar / T0: 414 K 
 
 
Figure 5.27 Variation of local mean flame propagation speed 𝑺𝑺� (black 
dot), normal unburned gas velocity 𝑽𝑽𝒏𝒏���� (blue dot), burning velocity 𝑼𝑼� (red 
dot), and acceleration A (yellow dot) with respect to time in the section 
1 of the experimental case 2. Fuel: CH4-air / ϕ: 0.6 / tign: 36.2° CA bTDC / 
P0: 4 bar / T0: 414 K 
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mixture is relatively large. This seems related to the diffusivities of reactants. 
The diffusivities of hydrogen, methane, and oxygen are 1.86, 0.47, and 0.43 
cm2/sec respectively (Hertzberg 1989). Since methane is less diffusive than 
hydrogen, it can be said that the effect of preferential diffusion of methane is 
less under a lean condition. 
Figure 5.27 shows the variation of local mean flame propagation speed 𝑆𝑆̅ 
(black dot), normal unburned gas velocity 𝑉𝑉𝑑𝑑�  (blue dot), burning velocity 𝑈𝑈� (red 
dot), and acceleration A (yellow dot) with respect to time in the section 1. While 
the flame propagates, 𝑆𝑆̅ gradually increases. Since there is not a large change 
in 𝑆𝑆̅, A barely changes, and the value is close to zero. During the increase of 
the 𝑆𝑆̅, although 𝑉𝑉𝑑𝑑�  also rises from 1.0 to 1.5 m/s, 𝑈𝑈� barely changes and the 
range is between 0.3 and 0.5 m/s. Where flame changes into a convex shape, 
𝑆𝑆̅ is generally faster than that of the lean hydrogen-air mixture case, and 
increases from 1.5 to 2.0 m/s. And 𝑉𝑉𝑑𝑑�  has more effect on increase of the 𝑆𝑆̅ 
than 𝑈𝑈�. 
 
 
Figure 5.28 The enlarged section 2 image 
 
Figure 5.28 shows the enlarged image of the section 2. Until 7.2 ms, the flame 
contour lines are not disturbed much with respect to angle. At 8.0 ms, a 
concave part appears near 90º, and the timing is earlier than the lean 
hydrogen-air mixture. After that, the flame shape becomes more concave until 
10.4 ms, and it seems that the concave part moves toward 75º as time goes 
by. In the case of the lean hydrogen-air mixture, the flame changes into a 
concave shape, and then, it returns to a relatively flat: refer to Figure 5.8. 
However, the flame of the lean methane-air mixture changes into a concave  
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Figure 5.29 Change of flame propagation speed S (black dot) and 
wavenumber k (yellow dot) with respect to angle in the section 2 of the 
experimental case 2. Fuel: CH4-air / ϕ: 0.6 / tign: 36.2° CA bTDC / P0: 4 bar 
/ T0: 414 K 
 
shape, and then tends to keep its shape. 
Figure 5.29 shows the change of flame propagation speed and wavenumber 
with respect to angle in the section 2. The black and yellow dots in the figure 
indicate flame propagation speed S and wavenumber k at each angle. At 5.6 
ms, the k between 85 and 90º is smaller than the one at the other region, and 
the S between 85 and 90º is larger than the one at the other region. When 
time is 6.4 ms, the change of k with respect to angle is similar to that at 5.6 
ms. However, the k between 85 and 90º locally decreases up to -0.5, the 
corresponding S increases. The change of k and S at 6.4 ms is kept similarly 
until 8.0 ms. From 8.8 to 9.6 ms, the k between 80 and 85º is smaller than the  
5.6 ms 6.4 ms 
7.2 ms 8.0 ms 
8.8 ms 9.6 ms 
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Figure 5.30 Change of normal unburned gas velocity Vn (blue dot) and 
burning velocity U (red dot) with respect to angle in the section 2 of the 
experimental case 2. Fuel: CH4-air / ϕ: 0.6 / tign: 36.2° CA bTDC / P0: 4 bar 
/ T0: 414 K 
 
one at the other region, and the S between 80 and 85º is larger than the one 
at the other region. The local change of wavenumber ranges between -0.6 
and 1.0, and the one of flame propagation speed ranges between 0.8 and 2.9 
m/s. 
Figure 5.30 shows the change of normal unburned gas velocity and burning 
velocity with respect to angle in the section 2. The blue and red dots in the 
figure represent normal unburned gas velocity Vn and burning velocity U at 
each angle respectively. When time is 5.6 ms, the Vn seems stable and the 
value is about 0.8 m/s. And although the U between 85 and 90º is larger than 
the one at the other angle, U locally does not fluctuate much, and ranges  
5.6 ms 6.4 ms 
7.2 ms 8.0 ms 
8.8 ms 9.6 ms 
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Figure 5.31 Variation of flame propagation speed S with respect to 
wavenumber k in the section 2 of the experimental case 2. Fuel: CH4-air 
/ ϕ: 0.6 / tign: 36.2° CA bTDC / P0: 4 bar / T0: 414 K 
 
between 0.2 and 0.6 m/s. At 6.4 ms when wavenumber changes with respect 
to angle, Vn and U start fluctuating locally. Vn generally increases, and the Vn 
between 85 and 90º is larger than the one at the other angle. The U at that 
region is smaller than the one at the other angle. The local change of Vn and 
U at 6.4 ms is mostly kept at 7.2 ms. When time 8.0 ms, Vn generally 
decreases, and the U between 80 and 85º starts increasing. From 8.8 to 9.6 
ms, although Vn still fluctuates locally, it generally keeps its value. During the 
time, U fluctuates more severely, and generally increases. The local change 
of normal unburned gas velocity ranges between -0.1 and 2.3 m/s, and the 
one of burning velocity ranges between 0.2 and 2.5 m/s. 
Figure 5.31 shows the variation of flame propagation speed S with respect to 
wavenumber k in the section 2. Where k is positive, S decreases as k increase. 
Especially, where 0 < k < 0.3, S decreases dramatically as k increases. As k 
becomes larger than 0.3, S progressively diminishes. Where k is negative, the 
diametrically opposite phenomenon is shown. As k decreases, S also 
decreases. Where -0.3 < k < 0, S decreases dramatically as k decreases. It is 
shown that S rises as k approaches zero. Especially, where -0.3 < k < 0.3, the 
change of S is very much: this is also seen in the section 2 of the lean 
hydrogen-air mixture. 
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Figure 5.32 Variation of local mean flame propagation speed 𝑺𝑺� (black 
dot), normal unburned gas velocity 𝑽𝑽𝒏𝒏���� (blue dot), burning velocity 𝑼𝑼� (red 
dot), and acceleration A (yellow dot) with respect to time in the section 
2 of the experimental case 2. Fuel: CH4-air / ϕ: 0.6 / tign: 36.2° CA bTDC / 
P0: 4 bar / T0: 414 K 
 
Figure 5.32 shows the variation of local mean flame propagation speed 𝑆𝑆̅ 
(black dot), normal unburned gas velocity 𝑉𝑉𝑑𝑑�  (blue dot), burning velocity 𝑈𝑈� (red 
dot), and acceleration A (yellow dot) with respect to time in the section 2. While 
the flame propagates, 𝑆𝑆̅ gradually increases from 1.1 to 2.1 m/s. Since there 
is not a large increase in 𝑆𝑆̅, the value of  A is close to zero. After 7.2 ms, while 
𝑆𝑆̅ increases, although 𝑈𝑈� also increases, 𝑉𝑉𝑑𝑑�  barely changes. It seems that 𝑈𝑈� is 
the main factor in the increase of 𝑆𝑆̅. As seen in Figure 5.28, a concave shape 
of flame appears in earnest at 8.0 ms. At this moment, the preferential 
diffusion of the methane takes place and leads to the rise of the 𝑈𝑈�. 
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Figure 5.33 The enlarged section 3 image 
 
Figure 5.33 shows the enlarged image of the section 3. Although the region 
near -140º seems relatively concave, it is seen that the variation of the flame 
shape with respect to angle at each time is significantly smooth compared to 
the section 1 and 2. While the flame propagates, its shape is kept without a 
large disturbance. Compared with the lean hydrogen-air mixture, the local 
variation of a flame shape seems less, and the flame propagation speed is 
faster. 
Figure 5.24 shows the change of flame propagation speed S (black dot) and 
wavenumber k (yellow dot) with respect to angle in the section 3. Generally, 
the k between -160 and -150º is larger than the one between -150 and -140º, 
and the difference between the two regions is kept until 9.6 ms. Concentrating 
on the region between -160 and -150º where the corresponding k is about 1.0, 
the k barely change with respect to time, and the S ranges from 1.3 to 1.5 m/s. 
At 8.0 ms, although the k locally increases up to 1.3, the increase is not much, 
and the variation of the corresponding S is also little. In the section 3, it seems 
that the variation of S with respect to k is not much. 
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Figure 5.34 Change of flame propagation speed S (black dot) and 
wavenumber k (yellow dot) with respect to angle in the section 3 of the 
experimental case 2. Fuel: CH4-air / ϕ: 0.6 / tign: 36.2° CA bTDC / P0: 4 bar 
/ T0: 414 K 
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Figure 5.35 Change of normal unburned gas velocity Vn (blue dot) and 
burning velocity U (red dot) with respect to angle in the section 3 of the 
experimental case 2. Fuel: CH4-air / ϕ: 0.6 / tign: 36.2° CA bTDC / P0: 4 bar 
/ T0: 414 K 
 
Figure 5.35 shows the change of normal unburned gas velocity Vn (blue dot) 
and burning velocity U (red dot) with respect to angle in the section 3. 
Focusing on the region between -160 and -150º, Vn and U repeat increase 
and decrease with respect to time. When time is 5.6 ms, Vn and U are stable 
and about 0.5 m/s. From 6.4 and to 7.2 ms, the two velocities fluctuate with 
respect to angle, Vn generally increase, and U decreases. At 8.0 ms, Vn 
decreases, and U increases. It seems that the two velocities become stable 
again. When time is 8.8 and 9.6 ms, the two velocities fluctuate with respect 
to angle again. In the section 3, although Vn and U changes with respect to 
angle and time, their changes are not much compared to the ones in the  
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Figure 5.36 Variation of flame propagation speed S with respect to 
wavenumber k in the section 3 of the experimental case 2. Fuel: CH4-air 
/ ϕ: 0.6 / tign: 36.2° CA bTDC / P0: 4 bar / T0: 414 K 
 
section 1 and 2. Vn ranges between 0.5 and 1.4 m/s, and U changes between 
0.1 and 1.2 m/s. Where the change of a flame shape with respect to angle at 
each time is smooth and the flame shape is kept, it seems that the changes 
of Vn and U are not much. 
Figure 5.36 shows the variation of flame propagation speed S with respect to 
wavenumber k in the section 3. As seen in Figure 5.33, the flame contour line 
at each time is curved smoothly with respect to angle. And as the flame 
propagates, the flame shape is kept without any large disturbance. Owing to 
these, most of the wavenumbers range from 0.5 to 1.0, and the flame 
propagation speed has barely changes in the range. 
Figure 5.37 shows the variation of local mean flame propagation speed 𝑆𝑆̅ 
(black dot), normal unburned gas velocity 𝑉𝑉𝑑𝑑�  (blue dot), burning velocity 𝑈𝑈� (red 
dot), and acceleration A (yellow dot) with respect to time in the section 3. 
Different from the section 1 and 2, as the flame propagates, 𝑆𝑆̅ barely changes 
in the section 3, and the value is about 1.3 m/s. Since 𝑆𝑆̅ keeps its speed, A 
barely changes. Except for 5.6 ms, 𝑉𝑉𝑑𝑑�and 𝑈𝑈� barely change and seem stable. 
Their values are about 0.8 and 0.5 m/s respectively. 
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Figure 5.37 Variation of local mean flame propagation speed 𝑺𝑺� (black 
dot), normal unburned gas velocity 𝑽𝑽𝒏𝒏���� (blue dot), burning velocity 𝑼𝑼� (red 
dot), and acceleration A (yellow dot) with respect to time in the section 
3 of the experimental case 2. Fuel: CH4-air / ϕ: 0.6 / tign: 36.2° CA bTDC / 
P0: 4 bar / T0: 414 K 
 
As seen in Figure 5.35, the normal unburned gas velocity and burning velocity 
change with respect to angle and time. However, in the case that burning 
velocity at a certain region increase (decrease), the one at the adjacent region 
decrease (increase). And burning velocity at a certain region repeats increase 
and decrease with respect to time: this spatial and temporal change is seen 
in the normal unburned gas velocity. Because of the thermal expansion of the 
burned gas and the preferential diffusion of the deficient methane, the normal 
burned gas velocity and burning velocity change with respect to angle and 
time (Hertzberg 1989, Nakahara and Kido 1998, Balusamy et al. 2011, Long 
and Hargrave 2011). However, it seems that such the spatial and temporal 
change of the two velocities is not as large as in the section 1 and 2. 
Figure 5.38 shows the change of local mean wavenumber 𝑘𝑘� with respect to 
time (A) and the relevant vorticity histogram (B) for the section 1. In Figure 
5.38 (B), a positive value means the clockwise vorticity of unburned gas, and 
a negative value indicates the anticlockwise vorticity. The light blue, brown, 
grey, yellow, dark blue, and green lines are the histograms of the vorticity data 
that were obtained at 5.6, 6.4, 7.2, 8.0, 8.8, and 9.6 ms respectively. And each 
vorticity data are for the area between two consecutive flame contour lines: 
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these colour lines are applied in the same way to the section 2 and 3. Since 
an area between two consecutive flame contour lines becomes large as the 
flame propagates, the number of vorticity data becomes large. Hence, the unit 
of frequency is represented as percent in order to compare the change of 
histograms.  
In Figure 5.38 (A), 𝑘𝑘�  slightly decreases until 7.2 ms, and then slightly 
increases. The flame is a convex shape and keeps its shape without a large 
disturbance as shown in Figure 5.23. Until 7.2 ms, the frequency of clockwise 
vorticity is larger than that of anticlockwise vorticity, and the shape of the 
histogram is similarly kept. From 7.2 to 8.8 ms, the shape of the histogram is 
inclined to the right direction, and it is seen that the frequency of clockwise 
vorticity increases. At 8.8 ms, the shape of the histogram is slightly inclined to 
the left direction, and the shape of the histogram is kept until 10.4 ms. During 
the time, 𝑘𝑘� is barely changed. 
Figure 5.39 shows the change of local mean wavenumber 𝑘𝑘� with respect to 
time (A) and the relevant vorticity histogram (B) for the section 2. Until 8.0 ms, 
𝑘𝑘�  gradually decreases: as seen in Figure 5.28, the flame changes into a 
concave shape. During the time, the frequency of clockwise vorticity is larger 
than that of anticlockwise vorticity, and the shape of the histogram is inclined 
to the right direction. From 8.8 to 10.4 ms, 𝑘𝑘� increases, and after the shape of 
the histogram is inclined more to the right direction, it is inclined again to the 
left direction. However, the frequency of clockwise vorticity is still larger than 
that of anticlockwise vorticity. 
Figure 5.40 shows the change of local mean wavenumber 𝑘𝑘� with respect to 
time (A) and the relevant vorticity histogram (B) for the section 3. 𝑘𝑘� barely 
changes with respect to time. As shown in Figure 5.33, the flame is curved 
smoothly with respect to time, and the flame shape is kept without any large 
perturbation. The frequency of clockwise vorticity is larger than that of 
anticlockwise vorticity. Although the shape of the histogram is inclined to the 
right direction. It is not changed much with respect to time.  
It seems difficult to suggest a particular dominant vorticity about a certain 
value of 𝑘𝑘� . However, the change of 𝑘𝑘�  with respect to the change of a 
histogram shape may be said. Where 𝑘𝑘�  keeps increasing or decreasing, it 
seems that the shape of a histogram is kept. And where the sign of gradient 
of 𝑘𝑘� changes, an increase in the frequency of clockwise vorticity occurs. 
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Figure 5.38 Change of the local mean wavenumber 𝒌𝒌� with respect to time 
(A) and the relevant vorticity histogram (B) for the section 1 of the 
experimental case 2. Fuel: CH4-air / ϕ: 0.6 / tign: 36.2° CA bTDC / P0: 4 bar 
/ T0: 414 K 
 
 
 
(A) k vs time 
(B) Histogram 
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Figure 5.39 Change of the local mean wavenumber 𝒌𝒌� with respect to time 
(A) and the relevant vorticity histogram (B) for the section 2 of the 
experimental case 2. Fuel: CH4-air / ϕ: 0.6 / tign: 36.2° CA bTDC / P0: 4 bar 
/ T0: 414 K 
 
 
 
(A) k vs time 
(B) Histogram 
 - 194 - 
 
 
Figure 5.40 Change of the local mean wavenumber 𝒌𝒌� with respect to time 
(A) and the relevant vorticity histogram (B) for the section 3 of the 
experimental case 2. Fuel: CH4-air / ϕ: 0.6 / tign: 36.2° CA bTDC / P0: 4 bar 
/ T0: 414 K 
 
 
  
(A) k vs time 
(B) Histogram 
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5.4 Result of the rich propane-air mixture 
A rich propane-air mixture was adopted in the experimental case 3. The 
equivalence ratio of the mixture was 2.0, and the ignition timing tign was 36.2º 
CA bTDC. In order to obtain the flow field of unburned gas, the double frame 
mode was used in the PIV system, and the inter-frame time between double 
frames was 0.1 ms. The time step between two consecutive flame images to 
measure flame propagation speed was 0.8 ms. When ignition started, the 
initial pressure P0 and temperature T0 were 4 bar and 414 K respectively. 
 
 
Figure 5.41 Propagating flame images and the corresponding edges 
image at the experimental case 3. Fuel: C3H8-air / ϕ: 2.0 / tign: 36.2° CA 
bTDC / P0: 4 bar / T0: 414 K 
 
Figure 5.41 shows the propagating flame images with respect to time and the 
corresponding flame edges image. In each flame image, the white digit 
represents elapsing time after the start of ignition. The black area in the flame 
images indicate burned area, the relatively bright grey area is unburned area, 
and the white part near the centre is a spark plug. When time is 14.0 ms, the 
flame already becomes wrinkled, and several convex and concave parts 
appear. As shown in the studies of Markstein (1951) and Izumikawa et al. 
(1988), the cell size of the rich C3H8 mixture is smaller than that of the lean 
methane-mixture. After the flame is distorted at 14.0 ms, it tend to keep its 
shape to the end, which is also shown in the lean hydrogen- and methane- 
mixture. 
Figure 5.42 shows the flame edges image (A) and the change of the 
wavenumber with respect to angle at each time (B). The green lines in Figure  
14.0 ms 14.8 ms 15.6 ms 16.4 ms 
17.2 ms 18.0 ms 18.8 ms 
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Figure 5.42 Selection of the local areas through the flame edges image 
(A) and the change of the relevant wavenumber k (B) 
 
5.42 (A) indicate a flame contour line at each time. Referring to Figure 5.42 
(A) and (B), the section 1, 2, and 3 were selected. In the section 1, flame has 
a convex shape, and wavenumber mostly ranges between 0.5 and 1.5. The 
flame of the section 2 changes into a concave shape, and wavenumber varies  
 
-45º -60º -120º -75º -100º 
(A) Flame edges image 
Section 1 
Section 2 
Section 3 
(B) k vs angle 
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Figure 5.43 The enlarged section 1 image 
 
from -0.9 to 0.6. In the section 3, the flame shape is similar to the arc of a 
circle, and the range of wavenumber is mostly between 0.7 and 1.3. 
Figure 5.43 shows the enlarged image of the section 1. At 14.8 ms, the flame 
contour line near -75º is convex, and the one near -60º is concave. As the 
flame propagates, the convex part seems to move toward -70º, and concave 
parts emerge near -75 and -60. This shape is kept continuously, and a locally 
large distortion is barely seen in each flame contour line. 
Figure 5.44 shows the change of flame propagation speed S (black dot) and 
wavenumber k (yellow dot) with respect to angle in the section 1. Except for 
the region near -60º at 14.0 ms, k mostly ranges between 0.5 and 1.5, and S 
varies from 0.6 to 1.0 m/s. Focusing on the region between -70 and -65º where 
a convex shape is kept, k is almost kept until 14.8 ms and the corresponding 
S barely changes. At 15.6 and 16.4 ms, the k near-65º generally decreases 
up to 1.0, S slightly increases and its value is about 1.0 m/s. At 17.2 and 18.0 
ms, k continues to increase, and its value is about 1.5. During the time, S 
decreases up to 0.7 m/s, and the change is not large. The relationship 
between k and S is inversely proportional, and is similar to the section 1 of the 
lean hydrogen- and methane-air mixture. 
Figure 5.45 shows the change of normal unburned gas velocity Vn (blue dot) 
and burning velocity U (red dot) with respect to angle in the section 1. Since 
a convex part is dealt with in the section 1, the change of Vn and U at the 
region between -70 and -65º is mainly discussed. At 14.0 ms, Vn and U are 
about 0.5 and 0.2 m/s respectively. When time is 14.8 ms, Vn barely change, 
and U slightly increases up to 0.4 m/s. At 15.6 ms, Vn and U barely change,  
Direction of flame propagation 
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14.0 ms 
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15.6 ms 
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Figure 5.44 Change of flame propagation speed S (black dot) and 
wavenumber k (yellow dot) with respect to angle in the section 1 of the 
experimental case 3. Fuel: C3H8-air / ϕ: 2.0 / tign: 36.2° CA bTDC / P0: 4 
bar / T0: 414 K 
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Figure 5.45 Change of normal unburned gas velocity Vn (blue dot) and 
burning velocity U (red dot) with respect to angle in the section 1 of the 
experimental case 3. Fuel: C3H8-air / ϕ: 2.0 / tign: 36.2° CA bTDC / P0: 4 
bar / T0: 414 K 
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Figure 5.46 Variation of flame propagation speed S with respect to 
wavenumber k in the section 1 of the experimental case 6. Fuel: C3H8-air 
/ ϕ: 2.0 / tign: 36.2° CA bTDC / P0: 4 bar / T0: 414 K 
 
and their values are about 0.5 and 0.4 m/s respectively. When time is 16.4 ms, 
Vn slightly increases up to 0.8 ms, and U decreases to 0.2 m/s. From 17.2 to 
18.0 ms, Vn decreases again to 0.6 m/s, and U is about 0.4 m/s. It seems that 
Vn increases (decrease) after U increases (decreases). And when U at the 
region between -70 and -65º increases (decreases), the one at the 
neighbouring regions decreases (increases), which is also seen in Vn. 
Figure 5.46 shows the variation of flame propagation speed S with respect to 
wavenumber k in the section 1. k mostly ranges between 0.5, and S varies 
from 0.6 to 1.0 m/s. As k becomes larger than 0.5, S gradually decreases. 
However, the change of S is not large, and the gradient is also very gentle. 
When k approaches zero, S increases relatively sharply. When flame is a 
convex shape, k is positive. And the relationship between and S and k is 
inversely proportional, and is also seen in the one in the section 1 of the lean 
hydrogen- and methane-air mixture. 
Figure 5.47 shows the variation of local mean flame propagation speed 𝑆𝑆̅ 
(black dot), normal unburned gas velocity 𝑉𝑉𝑑𝑑�  (blue dot), burning velocity 𝑈𝑈� (red 
dot), and acceleration A (yellow dot) with respect to time in the section 1. While 
the flame develops, the change of 𝑆𝑆̅ is little, and the value is about 1.0 m/s.  
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Figure 5.47 Variation of local mean flame propagation speed 𝑺𝑺� (black 
dot), normal unburned gas velocity 𝑽𝑽𝒏𝒏���� (blue dot), burning velocity 𝑼𝑼� (red 
dot), and acceleration A (yellow dot) with respect to time in the section 
1 of the experimental case 3. Fuel: C3H8-air / ϕ: 2.0 / tign: 36.2° CA bTDC 
/ P0: 4 bar / T0: 414 K 
 
Because of this, A is about zero, and the flame in the section 1 does not 
accelerate or deaccelerate with time. 
Until 15.6ms, 𝑉𝑉𝑑𝑑�  gradually decreases from 0.7 to 0.5 m/s. Simultaneously, 𝑈𝑈� 
gradually increases from 0.2 to 0.5 m/s. From 14.0 to 15.6 ms, the preferential 
diffusion of the oxygen occurs at each flame. The preferential diffusion 
appearing at concave regions improves the equivalence ratio of the local 
mixture, which leads to the increase of local burning velocity (Hertzberg 1989, 
Nakahara and Kido 1998). Hence, it can be thought that the increase of the 
local burning velocity at the concave regions mainly affects the increase of the 
𝑈𝑈�. 
From 16.4 to 18.0 ms, 𝑉𝑉𝑑𝑑�  gradually increases again up to 0.7 m/s. While 𝑉𝑉𝑑𝑑�  
rises, 𝑈𝑈� gradually decreases up to 0.2 m/s. While 𝑈𝑈� diminishes, a convex 
region gradually becomes larger than the neighbouring concave regions. The 
preferential diffusion of the oxygen at the convex region makes the 
composition of the local region become richer, and hence, 𝑈𝑈� gradually 
decreases (Hertzberg 1989, Nakahara and Kido 1998).   
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Figure 5.48 The enlarged section 2 image 
 
Figure 5.48 shows the enlarge image of the section 2. At 14.0 ms, the flame 
contour line seems relatively less curved than other lines. The region in the 
vicinity of -60º is concave, and the other is convex. As the flame propagates, 
the region near -60º gradually changes into a convex shape, and the concave 
region at 14.0 ms seems to move gradually toward -45º. At each time, there 
are the points where the flame contour line is sharply curved. Compared to 
the section 2 of the lean hydrogen- and methane-air mixture, although the 
flame is distorted, the flame shape seems to be kept continuously. 
Figure 5.49 shows the change of flame propagation speed S (black dot) and 
wavenumber k (yellow dot) with respect to angle in the section 2. At 14.0 ms, 
the S near -60º dramatically increases while the k changes from 0.3 to -0.5. 
The abnormal increase of S is also seen in the other graphs. The unnatural 
increase is artefact. Where k changes dramatically, there is an apex in the 
vicinity of the relevant region or the flame surface is changed with a sharp 
point. This can cause the undesirable derivation of the normal direction at that 
region, which can lead to the large increase of S. Such S data are artefacts 
and not reliable. Therefore, the abnormal S values are excluded in Figure 5.51 
and Figure 5.52. Except for the abnormal S data, k mostly ranges between -
0.9 and 0.6, and S varies from 0.4 to 1.5 m/s. Where k is positive, S gradually 
decrease as it increases. On the contrary, where k is negative, S gradually 
increases as it increases. 
Figure 5.50 show the change of normal unburned gas velocity Vn (blue dot) 
and burning velocity U (red dot) with respect to angle in the section 2. At 14.0 
and 14.8 ms, Vn and U near -60º dramatically change, which is similar to the 
S in Figure 5.49. The abnormal increase of Vn appears where wavenumber  
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Figure 5.49 Change of flame propagation speed S (black dot) and 
wavenumber k (yellow dot) with respect to angle in the section 2 of the 
experimental case 3. Fuel: C3H8-air / ϕ: 2.0 / tign: 36.2° CA bTDC / P0: 4 
bar / T0: 414 K 
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Figure 5.50 Change of normal unburned gas velocity Vn (blue dot) and 
burning velocity U (red dot) with respect to angle in the section 2 of the 
experimental case 6. Fuel: C3H8-air / ϕ: 2.0 / tign: 36.2° CA bTDC / P0: 4 
bar / T0: 414 K 
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Figure 5.51 Variation of flame propagation speed S with respect to 
wavenumber k in the section 2 of the experimental case 3. Fuel: C3H8-air 
/ ϕ: 2.0 / tign: 36.2° CA bTDC / P0: 4 bar / T0: 414 K 
 
dramatically changes, and is also shown in the other graphs. Where the large 
change of wavenumber occurs, the corresponding flame surface is changed 
with a sharp point. This results in the undesirable derivation of the normal 
direction at that region. Therefore, the abnormal Vn can be extrapolated at that 
region and cause the undesirable value of U. For this reason, the abnormal 
values of Vn and U are excluded in Figure 5.52. Except for the undesirable 
values, Vn ranges between 0.6 and 0.7 m/s until 16.4 ms, and U varies from 
0.1 and 0.2 m/s. From 17.2 to 18.0 ms, Vn gradually decreases up to 0.2 m/s, 
whereas U increases up to 0.6 m/s. 
Figure 5.51 shows the variation of flame propagation speed S with respect to 
wavenumber k in the section 2. The values of k mostly range between -0.9 
and 0.6, and S varies from 0.4 to 1.8 m/s. Where k is positive, as it increases, 
S decreaes. Especially, where 0 < k < 0.3, as it increases, S dramatically 
decreases. And where k > 0.3, the decrease of S is gradual. Where k is 
negative, as it increases, S increases. Where -0.3 < k < 0, S dramatically 
increases with the rise of k. The change of S is large as k apporaches zero, 
which is also seen in the section 2 of the lean hydrogen- and methane-air 
mixture. 
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Figure 5.52 Variation of local mean flame propagation speed 𝑺𝑺� (black 
dot), normal unburned gas velocity 𝑽𝑽𝒏𝒏���� (blue dot), burning velocity 𝑼𝑼� (red 
dot), and acceleration A (yellow dot) with respect to time in the section 
2 of the experimental case 3. Fuel: C3H8-air / ϕ: 2.0 / tign: 36.2° CA bTDC 
/ P0: 4 bar / T0: 414 K 
 
Figure 5.52 shows the variation of local mean flame propagation speed 𝑆𝑆̅ 
(black dot), normal unburned gas velocity 𝑉𝑉𝑑𝑑�  (blue dot), burning velocity 𝑈𝑈� (red 
dot), and acceleration A (yellow dot) with respect to time in the section 2. While 
the flame develops, 𝑆𝑆̅ varies from 0.7 to 0.9 m/s. Since the change of 𝑆𝑆̅ is not 
large, A is close to zero. Until 16.4 ms, 𝑉𝑉𝑑𝑑�  and 𝑈𝑈� barely change, and their 
values are about 0.6 and 0.2 m/s respectively. From 17.2 to 18.0 ms, 𝑉𝑉𝑑𝑑�  
gradually diminishes, and becomes 0.2 m/s. On the contrary, 𝑈𝑈�  slowly 
increases up to 0.5 m/s.  
It seems that the increase of 𝑈𝑈�  at 17.2 and 18.0 ms results from the 
preferential diffusion of the oxygen, which is also seen in the section 2 of the 
hydrogen- and methane-air mixture. However, since 𝑉𝑉𝑑𝑑�  decreases when 𝑈𝑈� 
increases, the increase of 𝑆𝑆̅ is not much. Hence, the concave part of the flame 
contour line at 17.2 ms is not changed much as time goes by.  
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Figure 5.53 The enlarged section 3 image 
 
Figure 5.53 shows the enlarged image of the section 3. Since the figure is a 
part of the entire flame edges image and enlarged, the flame contour line at 
each time looks like a straight line. In reality, each flame contour line is 
smoothly curved and is almost similar to the arc of a circle. While the flame 
propagates, the flame shape is kept continuously without a large distortion.  
Figure 5.54 shows the change of flame propagation speed and wavenumber 
with respect to angle in the section 3. The black and yellow dots indicate flame 
propagation speed S and wavenumber k at each angle respectively. At each 
time, the change of wavenumber is not large, and the k ranges between 0.7 
and 1.3. And the variation of S is also not large, and the value changes from 
0.6 to 0.9 m/s. The change of k with respect to time is not large, and the 
corresponding S has a stable value. When k increases (decreases), S 
decreases (increases). Although the relationship between k and S is inversely 
proportional, the change of S is little compared with that of the section 1 and 
2.  
Figure 5.55 shows the change of normal unburned gas velocity Vn (blue dot) 
and burning velocity U (red dot) with respect to angle in the section 3. At each 
time, although Vn and U change with respect to angle, their changes are not 
large. In the case of Vn, the value ranges between 0.4 and 0.8 m/s, and U 
varies from 0.1 to 0.5 m/s. At each angle, although Vn and U change with 
respect to time, their variation is not large. Compared to the change of Vn and 
U in the section 1 and 2, the Vn and U of the section 3 barely change with 
respect to time. 
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Figure 5.54 Change of flame propagation speed S (black dot) and 
wavenumber k (yellow dot) with respect to angle in the section 3 of the 
experimental case 3. Fuel: C3H8-air / ϕ: 2.0 / tign: 36.2° CA bTDC / P0: 4 
bar / T0: 414 K 
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Figure 5.55 Change of normal unburned gas velocity Vn (blue dot) and 
burning velocity U (red dot) with respect to angle in the section 3 of the 
experimental case 3. Fuel: C3H8-air / ϕ: 2.0 / tign: 36.2° CA bTDC / P0: 4 
bar / T0: 414 K 
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Figure 5.56 Variation of flame propagation speed S with respect to 
wavenumber k in the section 3 of the experimental case 3. Fuel: C3H8-air 
/ ϕ: 2.0 / tign: 36.2° CA bTDC / P0: 4 bar / T0: 414 K 
 
Figure 5.56 shows the variation of flame propagation speed S with respect to 
wavenumber k in the section 3. As shown in Figure 5.53, the flame contour 
line at each time is smoothly curved, and the change of the flame shape is not 
large. Without a large distortion, the flame shape is kept continuously. 
Because of the stable flame propagation, most of the k values range between 
0.7 and 1.3. While k changes within the range, S barely changes. The range 
of S is between 0.5 and 0.9 m/s. As k is larger than 1.3, S gradually decreases, 
but its variation is not large. 
Figure 5.57 shows the variation of local mean flame propagation speed 𝑆𝑆̅ 
(black dot), normal unburned gas velocity 𝑉𝑉𝑑𝑑�  (blue dot), burning velocity 𝑈𝑈� (red 
dot), and acceleration A (yellow dot) with respect to time in the section 3. As 
the flame develops, 𝑆𝑆̅ barely changes, and its value is about 0.8 m/s. Since 𝑆𝑆̅  
keeps the stable value, A is close to zero and barely change with respect to 
time. In the case of 𝑉𝑉𝑑𝑑�  and 𝑈𝑈�, their values are also stable. 𝑉𝑉𝑑𝑑�  ranges between 
0.5 and 0.6 m/s, and 𝑈𝑈� varies from 0.2 to 0.3 m/s. Different from the  𝑉𝑉𝑑𝑑�  and 
𝑈𝑈� of the  the section 1 and 2, the 𝑉𝑉𝑑𝑑�  and 𝑈𝑈� in the section 3 barely change with 
respect to time. 
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Figure 5.57 Variation of local mean flame propagation speed 𝑺𝑺� (black 
dot), normal unburned gas velocity 𝑽𝑽𝒏𝒏���� (blue dot), burning velocity 𝑼𝑼� (red 
dot), and acceleration A (yellow dot) with respect to time in the section 
3 of the experimental case 3. Fuel: C3H8-air / ϕ: 2.0 / tign: 36.2° CA bTDC 
/ P0: 4 bar / T0: 414 K 
 
Through the results of the section 1, 2, and 3, the relationship between flame 
propagation speed, normal unburned gas velocity, burning velocity, and 
wavenumber can be described below. 
Where wavenumber is negative, which means that a flame shape is concave 
toward unburned gas, flame propagation speed increases as the wavenumber 
increases. Especially, where wavenumber changes from -0.3 to 0.0, the flame 
propagation increases sharply. While there is the large increase in flame 
propagation speed, burning velocity also rises. The wavenumber at the region 
where flame is perturbed and its shape is concave tends to keep a negative 
value. Although wavenumber repeats increase and decrease with respect to 
time, it does not become larger than one. 
Where wavenumber is positive, which means that a flame shape is convex 
toward unburned gas, flame propagation speed decreases as wavenumber 
increases. When wavenumber changes from 0.0 to 0.5, flame propagation 
speed decreases dramatically. Flame propagation speed seems significantly 
stable when wavenumber ranges between 0.7 and 1.3. Where wavenumber 
becomes larger than 1.3, the flame propagation speed gradually decreases, 
but its change is not large. As flame propagates, the wavenumber at the 
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region where the flame changes into a convex shape tends to keep a positive 
value, and barely change a negative value. 
Wavenumber at a region repeats increase and decrease with respect to time, 
and the corresponding flame propagation speed also repeats decrease and 
increase: it is observed distinctly in the section 1 and 2. Since the preferential 
diffusion of the oxygen in this rich propane-air mixture and the thermal 
expansion caused by the burned gas occur, burning velocity and normal 
unburned gas velocity increase (decrease) at a concave (convex) region 
(Hertzberg 1989, Nakahara and Kido 1998, Lipatnikov 2012). The change of 
flame propagation speed seems related to the gradient of burning velocity, 
which is shown Figure 2.11 (A) (Hertzberg 1989). The rich propane-air mixture 
becomes locally leaner at a concave region because of the preferential 
diffusion of the oxygen, and then the burning velocity at that region becomes 
improved, which leads to the increase of flame propagation speed. If the 
gradient of burning velocity is steep, the change of flame propagation speed 
will be large. At a convex region, the preferential diffusion of the oxygen makes 
the local mixture composition richer. This results in the decreases of burning 
velocity and flame propagation speed. As seen in Figure 5.46 and Figure 5.51, 
wavenumber and flame propagation speed change in a certain range. This 
means that the local mixture composition influenced by the preferential 
diffusion of the oxygen changes within a certain range. 
At each time, wavenumber changes with respect to angle. Where 
wavenumber at a certain region has a large (small) value, the wavenumber at 
the neighbouring regions is relatively small (large). As wavenumber becomes 
close to zero, flame propagation speed increases, and normal unburned gas 
velocity and burning velocity also rise. As the absolute value of wavenumber 
becomes larger than zero, flame propagation speed gradually decreases, and 
normal unburned gas velocity and burning velocity also diminish. In a concave 
region where wavenumber is relatively small the preferential diffusion of the 
oxygen makes the local mixture composition leaner. Hence, burning velocity 
at that region is improved and the thermal expansion of the burned gas also 
enhances the normal unburned gas velocity. In a convex region where 
wavenumber is relatively large, the local composition becomes richer because 
of the preferential diffusion of the oxygen. Therefore, burning velocity at the 
convex region diminishes. And the effect of thermal expansion of the burned 
gas is dispersed, which leads to the decrease of normal unburned gas velocity 
(Hertzberg 1989, Nakahara and Kido 1998, Lipatnikov 2012). 
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Figure 5.58 shows the change of local mean wavenumber 𝑘𝑘� with respect to 
time (A) and the relevant vorticity histograms (B) for the section 3. In Figure 
5.58 (B), a positive value indicates the clockwise vorticity of unburned gas, 
and the direction of vorticity is anticlockwise where a value is negative. The 
light blue, brown, grey, yellow, dark blue, and green line are the histograms of 
the vorticity data that were collected at 14.0, 14.8, 15.6, 16.4, 17.2, and 18.0 
ms respectively. And each vorticity data are for an area between two 
consecutive flame contour lines: these colour lines are applied in the same 
way to Figure 5.59 (B) and Figure 5.60 (B). Since an area between two 
consecutive flame contour lines becomes large as flame propagates, the 
number of vorticity data also becomes large. Hence, the unit of frequency is 
represented as percent in order to compare the change of histograms. 
Since the flame in the section 1 develops in a convex shape and the flame 
shape is kept continuously without a large disturbance, 𝑘𝑘� generally increases. 
When time elapses from 14.0 to 15.6 ms, 𝑘𝑘� gradually increases. During the 
time, the frequency of clockwise vorticity is larger than that of anticlockwise 
vorticity. From 16.4 ms, the change of 𝑘𝑘� is small, which is about 1.2. While the 
𝑘𝑘�  barely changes, the shape of histogram is not changed large, and the 
frequency of clockwise vorticity is still larger than that of anticlockwise vorticity. 
Compared with the lean hydrogen-air mixture, 𝑘𝑘� continues to increase, and 
does not repeat increase and decrease. As 𝑘𝑘� keeps the increasing trend, the 
vorticity histogram is not changed large, which is seen in the section 1 of the 
lean methane-air mixture: refer to Figure 5.18. 
Figure 5.59 shows the change of local mean wavenumber 𝑘𝑘� with respect to 
time (A) and the relevant vorticity histogram (B) for the section 2. A concave 
part appears in the section 2 and is kept to the end. While time elapses, 𝑘𝑘� 
ranges between 0.0 and 0.2, and the change is not large. Since the flame 
shape is kept continuously and the 𝑘𝑘�  barely change, the change of the 
histogram is not changed large. Generally, the frequency of clockwise vorticity 
is larger than that of anticlockwise vorticity. The shape of the histogram is 
almost kept and seems symmetrical for a certain value.  
Figure 5.60 shows the change of local mean wavenumber 𝑘𝑘� with respect to 
time (A) and the relevant vorticity histogram (B) for the section 3. As seen in 
Figure 5.53, since the flame contour line at each time is smoothly curved and 
the flame shape barely changes with respect to time, the variation of 𝑘𝑘� is not 
large. 𝑘𝑘� ranges between 0.9 and 1.0. Until, 15.6 ms, 𝑘𝑘� is about 1.0, and the 
corresponding histograms seem close to a symmetrical shape. From 15.6 to 
16.4 ms, 𝑘𝑘� slightly decreases, and it is shown in the relevant grey histogram 
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that the frequency of clockwise vorticity becomes larger than that of 
anticlockwise vorticity. While time elapses from 16.4 to 18.0 ms, 𝑘𝑘� is about 0.9 
and barely varies. During that time, the corresponding histograms return to a 
symmetrical shape and keep it. From 18.0 to 18.8 ms, 𝑘𝑘�  slight diminishes 
again. While the 𝑘𝑘� decreases, the frequency of clockwise vorticity increases 
again. 
As seen in Figure 5.58, Figure 5.59, and Figure 5.60, local mean wavenumber 
at each section varies within a certain range, and its change is not large. When 
local mean wavenumber keeps increasing, decreasing, or its value, the shape 
of the corresponding histogram has a tendency to be symmetrical. When the 
trend of local mean wavenumber changes from increase to decrease or from 
decrease to increase, the shape of the relevant histogram tends to become 
asymmetric. When the asymmetric shape occurs, the frequency of clockwise 
vorticity mainly increases. 
While combustion proceeds, thermal expansion is caused by burned gas and 
influences the unburned gas in front of the flame front (Balusamy et al 2011, 
Long and Hargrave 2011). Assuming that flame propagates outwardly and the 
flame shape ideally keeps a circle, the direction of the flame at each point of 
the flame front is perpendicular to that point. Hence, stationary unburned gas 
in front of the flame front would travel in the perpendicular direction. Since the 
unburned gas moves radially, the proportion of clockwise and anticlockwise 
vorticity is identical, and thus the shape of the histogram would be symmetrical. 
In Figure 5.58, Figure 5.59, and Figure 5.60, it is seen that the shape of 
histogram becomes asymmetric when the trend of local mean wavenumber 
changes. However, it is difficult to suggest a dominant vorticity value. 
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Figure 5.58 Change of the local mean wavenumber 𝒌𝒌� with respect to time 
(A) and the relevant vorticity histogram (B) for the section 1 of the 
experimental case 3. Fuel: C3H8-air / ϕ: 2.0 / tign: 36.2° CA bTDC / P0: 4 
bar / T0: 414 K 
 
 
 
 
(A) k vs time 
(B) Histogram 
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Figure 5.59 Change of the local mean wavenumber 𝒌𝒌� with respect to time 
(A) and the relevant vorticity histogram (B) for the section 2 of the 
experimental case 3. Fuel: C3H8-air / ϕ: 2.0 / tign: 36.2° CA bTDC / P0: 4 
bar / T0: 414 K 
 
 
 
 
(A) k vs time 
(B) Histogram 
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Figure 5.60 Change of the local mean wavenumber 𝒌𝒌� with respect to time 
(A) and the relevant vorticity histogram (B) for the section 3 of the 
experimental case 3. Fuel: C3H8-air / ϕ: 2.0 / tign: 36.2° CA bTDC / P0: 4 
bar / T0: 414 K 
 
 
  
(A) k vs time 
(B) Histogram 
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Chapter 6 Summary and recommendation 
This chapter summarises the main findings from the results of the lean 
hydrogen-air, lean methane-air, and rich propane-air mixture experiments. 
This research concentrated on the measurements of flame propagation speed, 
normal unburned gas velocity, and burning velocity at a point on a flame front. 
The study presents how flame propagation speed, normal unburned gas 
velocity, and burning velocity changed with respect to time and space. And 
the relationship between the change of local mean wavenumber and the 
vorticity histogram of unburned gas is provided. It is expected that the results 
of the experiments can be used as fundamental data to enhance the 
understanding of combustion process. Especially, the experiment data can 
contribute to improving the chemical mechanism that is used in simulation 
software. Although current combustion simulation programs provide various 
kinds of properties regarding combustion, most of them are average values. It 
is expected that modelling and simulation for the local change of properties 
such as flame propagation speed, unburned gas velocity, burning velocity, 
and so on can be studied more actively using the experiment data of the 
current research. 
 
 
6.1 Summary of the lean hydrogen-air mixture experiment 
 In a convex region of the flame front: wavenumber changes between 
0.7 and 2.0. As wavenumber increases, flame propagation speed 
gradually decreases. The range is between 0.5 and 1.1 m/s. The 
relationship between wavenumber and flame propagation speed is 
inversely proportional. Where wavenumber increases (decreases), 
normal unburned gas velocity and burning velocity generally decrease 
(increase), normal unburned gas velocity ranges between 0.1 and 0.8 
m/s, the range of burning velocity is between 0.1 and 0.7 m/s. 
While the flame propagates, the local mean flame propagation speed 
in the convex region is about 0.8 m/s, and is barely changed. The local 
mean normal unburned gas velocity changes between 0.1 to 0.5 m/s, 
and the change of the local mean burning velocity ranges between 0.2 
and 0.6 m/s. The flame shape changes between a flat and convex 
shape, and does not become concave. 
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 In a concave region of the flame front: wavenumber changes between 
-0.5 and 0.5. As wavenumber approaches 0.0, flame propagation 
speed dramatically increases, and changes from 0.2 to 3.9 m/s. And 
normal unburned gas velocity increases from 0.1 to 0.5 m/s, and 
burning velocity also rises from 0.3 to 3.5 m/s. The change of burning 
velocity is relatively large and the main factor in the increase of flame 
propagation speed. 
While the flame propagates, the local mean flame propagation speed 
in the concave region increases from 0.2 to 1.1 m/s. Simultaneously, 
the local mean normal unburned gas velocity increases from -0.1 to 0.5 
m/s, and the local mean burning velocity also rises from 0.2 to 0.6 m/s. 
The flame shape changes between a concave and smoothly-curved 
shape of which the wavenumber is similar to that of a circle. 
 
 In a smoothly-curved region of the flame front: wavenumber changes 
between 0.7 and 1.3. While wavenumber varies, flame propagation 
speed has a stable value of which the range is between 0.4 and 0.7 
m/s. At the same time, normal unburned gas velocity changes between 
0.1 and 0.4 m/s, and burning velocity also changes between 0.1 and 
0.4 m/s. Their changes are not large. 
While the flame propagates, the local mean flame propagation speed 
in the smoothly-curved region is not changed, and its value is 0.5 m/s. 
The local mean normal unburned gas velocity changes between 0.0 
and 0.3 m/s, and the local mean burning velocity ranges between 0.1 
and 0.3 m/s. The flame shape is kept, and its wavenumber is similar to 
that of a circle. 
 
 In a spatial change in wavenumber at each time, where wavenumber 
is relatively large (small) at a certain region, the wavenumber at the 
adjacent regions is small (large). In a temporal change in wavenumber 
at a convex or concave region, wavenumber repeats increase and 
decrease, and flame propagation speed repeats decrease and 
increase. The changes of wavenumber and flame propagation speed 
are within a certain range. As a flame shape locally changes, the local 
mixture composition is changed by the preferential diffusion of the 
hydrogen, and the local effect of thermal expansion caused by the 
burned gas also varies. The change of a local mixture composition and 
the thermal expansion affect burning velocity and normal unburned gas 
velocity, which leads to the change of flame propagation speed. 
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 In the relationship between the change of local mean wavenumber and 
the vorticity histogram of unburned gas, where an increase or decrease 
in local mean wavenumber is kept, the shape of the corresponding 
vorticity histogram is close to symmetry for a value of vorticity. Where 
the trend of local mean wavenumber changes from increase 
(decrease) to decrease (increase), the shape of the histogram 
becomes asymmetric, and clockwise vorticity is dominant. 
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6.2 Summary of the lean methane-air mixture experiment 
 In a convex region of the flame front: wavenumber ranges between 0.8 
and 1.6. As wavenumber increases, flame propagation speed gradually 
decreases from 2.5 to 1.5 m/s. The relationship between wavenumber 
and flame propagation speed is inversely proportional. Where 
wavenumber increases (decreases), normal unburned gas velocity and 
burning velocity generally decrease (increase) and fluctuate. Normal 
unburned gas velocity changes between 1.0 and 1.5 m/s, and burning 
velocity ranges between 0.1 and 0.8 m/s.  
While the flame propagates, the local mean flame propagation speed 
in the convex region increases from 1.5 to 2.0 m/s. The local mean 
normal unburned gas velocity changes between 1.0 to 1.5 m/s, and the 
change of the local mean burning velocity ranges between 0.3 and 0.5 
m/s. And the convex flame shape is kept without large perturbation. 
 
 In a concave region of the flame front: wavenumber changes between 
-0.6 and 1.0. As wavenumber becomes close to 0.0, flame propagation 
speed sharply increases from 0.8 to 2.9 m/s. And normal unburned gas 
velocity and burning velocity fluctuate severely. The range of normal 
unburned gas velocity is between -0.1 and 2.3, and burning velocity 
ranges between 0.2 and 2.5 m/s.  
While the flame propagates, the local mean flame propagation speed 
in the concave region increases from 0.9 to 1.9 m/s. Simultaneously, 
the local mean normal unburned gas velocity changes between 0.5 and 
1.1 m/s, and the local mean burning velocity increases from 0.2 to 0.8 
m/s. After the flame changes into a concave shape, it keeps its shape. 
 
 In a smoothly-curved region of the flame front: wavenumber changes 
between 0.5 and 1.3. While wavenumber varies, flame propagation 
speed is barely changed, and the range is between 1.3 and 1.5 m/s. 
And normal unburned gas velocity locally changes between 0.5 and 1.4 
m/s, and burning velocity locally changes between 0.1 and 1.2 m/s.  
While the flame propagates, the local mean flame propagation speed 
in the smoothly-curved region is barely changed, and its value is 1.3 
m/s. The local mean normal unburned gas velocity is about 0.8 m/s, 
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and the local mean burning velocity is about 0.5 m/s. The flame shape 
is kept, and its wavenumber is similar to that of a circle. 
 
 Where wavenumber is relatively large (small) at a certain region, the 
wavenumber at the adjacent regions is small (large). In a convex or 
concave region, wavenumber repeats increase and decrease with 
respect to time, and flame propagation speed repeats decrease and 
increase. The changes of wavenumber and flame propagation speed 
are within a certain range. As a flame shape locally changes, the local 
mixture composition is changed by the preferential diffusion of the 
hydrogen, and the local effect of thermal expansion caused by the 
burned gas also varies. A change in a local mixture composition is 
within a certain range, which affects the range of change of flame 
propagation speed. 
 
 Where local mean wavenumber keeps increasing, decreasing, or its 
value, the shape of vorticity histogram keeps its shape and is close to 
symmetry for a value of vorticity. Where the trend of local mean 
wavenumber changes from increase (decrease) or decrease (increase), 
the shape of the histograms becomes asymmetric, and clockwise 
vorticity is dominant. 
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6.3 Summary of the rich propane-air mixture experiment 
 In a convex region of the flame front: wavenumber repeats increase 
and decrease between 0.5 and 1.5. When wavenumber changes, 
flame propagation speed varies from 0.6 to 1.0 m/s. The relationship 
between wavenumber and flame propagation speed is inversely 
proportional. Where wavenumber increases (decrease), normal 
unburned gas velocity and burning velocity generally decrease 
(increase). Normal unburned gas velocity changes between 0.5 and 
0.8 m/s, and burning velocity ranges between 0.2 and 0.4 m/s. 
While the flame propagates, the local mean flame propagation speed 
in the convex region is 1.0 m/s, and barely changes with respect to time. 
The local mean normal unburned gas velocity changes between 0.5 
and 0.7 m/s, and the change of the local mean burning velocity ranges 
between 0.2 and 0.5 m/s. 
 
 In a concave region of the flame front, wavenumber changes between 
-0.9 and 0.6. As wavenumber approaches 0.0, flame propagation 
speed dramatically increases from 0.4 to 1.5 m/s. And normal unburned 
gas velocity and burning velocity fluctuate severely and generally 
increase. The range of normal unburned gas velocity is between 0.2 
and 0.7, and burning velocity ranges between 0.1 and 0.6 m/s.  
While the flame propagates, the local mean flame propagation speed 
in the concave region repeats increase and decrease between 0.7 and 
0.9 m/s. And the local mean normal unburned gas velocity changes 
between 0.1 and 0.6 m/s, and the local mean burning velocity ranges 
between 0.1 to 0.6 m/s. 
 
 In a smoothly-curved region of the flame front, wavenumber ranges 
between 0.7 and 1.3. While wavenumber varies, flame propagation 
speed is barely changed, and the range is between 0.6 and 0.9 m/s. 
Normal unburned gas velocity changes between 0.4 and 0.8 m/s, and 
burning velocity between 0.1 and 0.5 m/s. 
While the flame propagates, the local mean flame propagation speed 
in the smoothly-curved region is barely changed, and its value is 0.8 
m/s. The local mean normal unburned gas velocity changes between 
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0.5 and 0.6 m/s, and the local mean burning velocity between 0.2 and 
0.3 m/s.  
 
 Wavenumber locally changes at each time. Where wavenumber is 
relatively large (small) at a certain region, the wavenumber at the 
neighbouring regions is small (large). In a convex or concave region, 
wavenumber at a point changes with respect to time. As wavenumber 
approaches zero, flame propagation speed increases. When a flame 
shape locally changes, the change of the local mixture composition is 
caused by the preferential diffusion of the oxygen, which leads to the 
change of the burning velocity. The thermal expansion caused the 
burned gas also affects the change of the unburned gas velocity. The 
changes of unburned gas velocity and burning velocity results in that 
of flame propagation speed. 
 
 Where local mean wavenumber keeps increasing, decreasing, or its 
value, the shape of vorticity histogram keeps its shape and is close to 
symmetry for a value of vorticity. Where the trend of local mean 
wavenumber changes from increase (decrease) or decrease (increase), 
the shape of the histograms becomes asymmetric, and clockwise 
vorticity is dominant. 
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6.4 Recommendations for future work 
Since there were time constraints and the limit of the experimental apparatus, 
further research could not be carried out. The listed below are the 
recommendations for the future work and for improving the experimental 
equipment. 
 
 It is necessary to measure the burning velocity of a hydrogen-, 
methane-, and propane-air mixture with respect to equivalence ratio. 
Through the measurement, it would be possible to realise how much a 
local mixture composition at a convex or concave region is changed. 
 
 In the current research, the initial temperature at the start of ignition 
was calculated by using pressure data, which is shown in Sec. 3.3. 
Since the initial temperature affects flame propagation speed, 
unburned gas velocity, and burning velocity in many ways, it is more 
desirable to measure it directly. PLIF, planar laser induced 
fluorescence, can be used for the measurement. 
 
 LUSIEDA, Leeds University spark ignition engine data analysis, is a 
reverse thermodynamic code and was developed by the Leeds 
combustion group. The code calculates burning rates and other 
properties and has been used for the high-speed LUPOE-2D, which 
was faster than 750 rpm. To compare the results of simulation and 
experiment, it is necessary to modify LUSIEDA considering a low 
speed including 50 rpm. 
 
 In the current work, the image resolution was 1024 x 1024 pixels and 
the repetition rates of the laser and high speed camera were 2.5 kHz. 
If image resolution were improved, unburned gas velocity near a flame 
front could be measured more accurately. 
 
 The current experimental equipment is convenient in replacing fuel. 
This is because three kinds of gaseous fuels can be provided 
separately by each compressed cylinder. Hence, it is recommended to 
conduct experiment with a different kind of gaseous fuel or blended one. 
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Appendix 
A. Turbulent premixed flame 
Although turbulent fluid motion can be observed easily in our everyday life just 
as flowing water in a bathtub and its existence can be perceived intuitively by 
ordinary people, it is very difficult to define the flow precisely as a concise 
sentence. Especially, in classical physics, the relevant researches for 
prescribing turbulence have been carried out over many years though, the 
problem is still challenging and is not clearly solved yet. Although defining 
turbulence is difficult, it is certain that turbulence is one of the most critical 
factors in understanding turbulent combustion.  
Briefly mentioning some of its characteristics, turbulent flows are random and 
diffusive, which makes it possible to mix fluid itself and to increase mass and 
heat transfer rapidly. Large Reynolds number, which is the ratio of the inertia 
force to the viscous force in a flow (Marquand and Croft 1994), is also one of 
the characteristics: it is common that turbulence in a fluid flow occurs as the 
laminar flow becomes unstable. The range in which turbulent quantities such 
as velocity or pressure vary with respect to time and space is wide. The 
magnitude of the vorticity fluctuations in turbulent flows is mostly large, and its 
range is also wide. In addition, after turbulent flows occur, they eventually 
dissipate as time goes by because of the viscosity of the fluid where any 
energy to sustain the turbulent motion is not provided (Tennekes et al. 1972, 
Lipatnikov 2012).  
For these complicated characteristics, turbulent flows have been mainly 
investigated and analysed through statistical methods such as average 
velocity in time or spatial quantity, root-mean-square turbulent velocity, and 
length and time scale of turbulent eddies. In this section, the statistical 
methods are first introduced. The methods were used to make the judgment 
on whether a laminar condition was made in the research engine: the results 
of the statistical methods are presented in Sec. 3.4.3, and, the characteristics 
of cellular flame were investigated under the laminar condition. And the 
different types of premixed flame is illustrated with the use of the combustion 
regime diagram. Lastly, the combustion regime of the current research is 
described. 
In a turbulent flow, an instantaneous velocity at a point x can be decomposed 
into its mean velocity and fluctuating velocity in time domain, which is known 
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as the Reynolds decomposition: the decomposition can be also carried out in 
spatial domain (Lipatnikov 2012).  
 
 
Figure A.1 A sketch of velocity variations at a point in a flow (Lipatnikov 
2012) 
 
Figure A.1 shows the velocity variations at a point in a turbulent flow. An 
instantaneous velocity can be expressed in Eq. (A.1). 
 u(x, 𝑡𝑡) = u�(x, 𝑡𝑡) + u′(x, 𝑡𝑡) Eq. (A.1) 
 
where the instantaneous velocity is u, mean velocity u�, and fluctuating velocity u′. In order to calculate the mean velocity, the instantaneous velocities are 
integrated during time τ, which is shown in Eq.(A.2). 
 
u�(x, 𝑡𝑡) = lim
τ→∞
1
τ
� u(x, 𝑡𝑡)𝑑𝑑𝑡𝑡𝜏𝜏
0
 
Eq. (A.2) 
 
The mean fluctuating velocity can be calculated simply by subtracting the 
mean velocity u� from the instantaneous velocity u and averaging the value. 
However, since the mean fluctuating velocity become zero, the value itself 
cannot show any information on turbulence. Therefore, the root-mean-square 
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velocity 𝑢𝑢′�  has to be calculated to characterize turbulence, and its definition 
can be expressed as follows. 
 
u′� = lim
τ→∞
�
1
τ
��u(x, 𝑡𝑡) − u�(x, 𝑡𝑡)�2𝑑𝑑𝑡𝑡𝜏𝜏
0
�
1
2
 
Eq. (A.3) 
 
The root-mean-square velocity means the level of fluctuating velocity during a 
given time τ in a turbulent flow, that is, the larger the value becomes the more 
the fluid motion oscillates. In order to perceive the strength of turbulence 
intuitively, it is needed to mention the concept of turbulence intensity. The 
definition of turbulence intensity is the ratio of the root-mean-square velocity u′�  to mean velocity u� (Burluka 2014), the equation is as follows: 
 
𝑇𝑇𝑢𝑢𝑑𝑑𝑛𝑛𝑢𝑢𝐸𝐸𝐿𝐿𝑉𝑉𝑐𝑐𝐿𝐿 𝐸𝐸𝑉𝑉𝑡𝑡𝐿𝐿𝑉𝑉𝑠𝑠𝐸𝐸𝑡𝑡𝑦𝑦 = u′�u�  Eq. (A.4) 
 
The similar derivations that are shown in Eq. (A.1) to Eq. (A.4) can be obtained 
by using the spatial averaging technique: the variable has to be changed from 
time 𝑡𝑡 to space x. However, because of the nature of turbulence, the time 
averaging technique is appropriate for a statistically steady flow, whereas the 
spatial average technique should be mainly used in the case of a 
homogeneous and isotropic flow (Lipatnikov 2012).  
In a reciprocating engine that was used in the current work, the flow of a fuel-
air mixture in the cylinder was not steady, homogeneous and isotropic 
because of the periodic movement of the piston and the geometry of the 
combustion chamber. Especially, cycle-to-cycle variations can take place, and 
their effect also vary depending on the speed of an engine. In order to 
represent such fluctuating motion, a separate technique has been employed, 
which is the ensemble averaging technique (Heywood 1988). The ensemble-
averaged mean velocity u�𝑖𝑖𝑑𝑑𝑎𝑎𝑖𝑖𝑚𝑚𝑎𝑎𝑙𝑙𝑖𝑖 can be calculated as follows: 
 
u�𝑖𝑖𝑑𝑑𝑎𝑎𝑖𝑖𝑚𝑚𝑎𝑎𝑙𝑙𝑖𝑖(x,𝜃𝜃𝑠𝑠) = lim
𝑁𝑁→∞
1
𝑁𝑁
�u(x,𝜃𝜃𝑠𝑠)𝑁𝑁
𝑠𝑠=1
 
Eq. (A.5) 
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where i is i-th cycle and N is the total number of cycles that is observed in 
experiment. In the ensemble averaging technique, crank angle θ is substituted 
for time t and the instantaneous velocity u at a given point x in the cylinder of 
an engine at a given cycle is normalized by the number of cycles. The 
fluctuating velocity u′(x, 𝜃𝜃𝑠𝑠) can be derived as follows: 
 
u′� (x,𝜃𝜃𝑠𝑠) = lim
𝑁𝑁→∞
�
1
𝑁𝑁
��u(x,𝜃𝜃𝑠𝑠) − u�𝑖𝑖𝑑𝑑𝑎𝑎𝑖𝑖𝑚𝑚𝑎𝑎𝑙𝑙𝑖𝑖(x,𝜃𝜃𝑠𝑠)�2𝑁𝑁
𝑠𝑠=1
�
1
2
 
Eq. (A.6) 
 
When carrying out engineering studies, it is commonly assumed that a 
turbulent flow is statistically steady, homogeneous and isotropic because of 
the randomness or irregularity of turbulence (Burluka 2014). Hence, the 
results of these three statistic methods are the same under this assumption. 
Using the root-mean-square fluctuating velocity, the turbulent Reynolds 
number Ret, which is the ratio of the turbulence force to the laminar viscous 
force in a turbulent flow, is defined as (Burluka 2014): 
 
𝑅𝑅𝐿𝐿𝑎𝑎 = u′𝐿𝐿𝑎𝑎𝜈𝜈  Eq. (A.7) 
 
where u’ is the root-mean-square velocity, Lt is the length scale, and ν is the 
kinematic viscosity of the fluid. 
In relation to the length scale Lt, three kinds of length scales are mainly 
employed to calculate the sizes of turbulent eddies in a turbulent flow. And the 
result of the calculation represents magnitude or intensity, not an accurate 
number. When the length scales are calculated, the time scales are usually 
dealt with together and mean how long turbulent eddies sustain in time. The 
aforementioned length and time scales are integral length and time scales, Li 
and τ𝑠𝑠, Taylor length and time scale, Lλ and τ𝜆𝜆,, and Kolmogorov length and 
time scale, Lη and τ𝜂𝜂 (Mathieu and Scott 2000). 
The definition of the integral length scale Li is that the spatial correlation 
function R(r) of the velocities at the two adjacent points is integrated in time t. 
Eq. (A.8) and Eq. (A.9) show the equations of the integral length scale and the 
spatial correlation function respectively. 
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𝐿𝐿𝑠𝑠 = � 𝑅𝑅(𝑑𝑑, 𝑡𝑡)𝑑𝑑𝑡𝑡∞
0
 Eq. (A.8) 
 
𝑅𝑅(𝑑𝑑, 𝑡𝑡) = u�(𝑥𝑥, 𝑡𝑡)u�(𝑥𝑥 + 𝑑𝑑𝑑𝑑, 𝑡𝑡)u′(𝑥𝑥, 𝑡𝑡)u′(𝑥𝑥 + 𝑑𝑑𝑑𝑑, 𝑡𝑡) Eq. (A.9) 
 
In Eq. (A.9), u’ indicates the fluctuating velocities at two longitudinal or 
transversal points at a given time, and dr is the minute displacement between 
the two adjacent points: refer to Figure A.2. The relationship between 
longitudinal length scale 𝐿𝐿𝑠𝑠𝑙𝑙 and transversal length scale 𝐿𝐿𝑠𝑠𝑎𝑎 can be expressed 
as Eq. (A.10). 
 
 
Figure A.2 A sketch of longitudinal and transversal spatial velocity 
correlations (Ling 2014) 
 
𝐿𝐿𝑠𝑠𝑙𝑙 = 2𝐿𝐿𝑠𝑠𝑎𝑎 Eq. (A.10) 
 
The integral time scale τ𝑠𝑠  can be calculated by dividing the integral length 
scale Li by the fluctuating velocity u’. 
 
𝜏𝜏𝑠𝑠 = 𝐿𝐿𝑠𝑠u′ Eq. (A.11) 
 
When dealing with the relatively medium sizes of eddies in a turbulent flow, 
the Taylor length scale is adopted (Mathieu and Scott 2000). Using Taylor 
series, the spatial correlation R(r) at zero separation r=0 can be defined as:  
 
x x+dr dr 
u’(x, t) u’(x+dr, t) 
Longitudinal Lil 
x 
x+dr dr 
u’(x, t) 
u’(x+dr, t) 
Transversal Lit 
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𝑅𝑅(𝑑𝑑) = 1 + 𝑑𝑑 𝑑𝑑𝑅𝑅(𝑑𝑑)
𝑑𝑑𝑑𝑑
�
𝑟𝑟=0
+ 𝑑𝑑22! 𝑑𝑑2𝑅𝑅(𝑑𝑑)𝑑𝑑𝑑𝑑2 �
𝑟𝑟=0
+ ⋯ Eq. (A.12) 
 
Neglecting the higher order terms and conducting parabolic curve fitting about 
the spatial correlation function R(r) again, the Taylor length scale 𝐿𝐿𝜆𝜆 can be 
obtained as Eq. (A.13) (Tennekes et al. 1972). 
 
𝐿𝐿𝜆𝜆 = −12𝑑𝑑2𝑅𝑅(𝑑𝑑)𝑑𝑑𝑑𝑑2 �
𝑎𝑎=0
 Eq. (A.13) 
 
Similar to the derivation of Eq. (A.12), the neglecting the higher order terms 
and plotting a parabolic curve are carried out. Using the temporal correlation R(t) at zero separation t=0, Taylor time scale can be also derived (Hinze 
1975). 
 1
𝜏𝜏𝜆𝜆2
= −12𝑑𝑑2𝑅𝑅(𝑡𝑡)𝑑𝑑𝑡𝑡2 �
𝑎𝑎=0
 Eq. (A.14) 
 
The Kolmogorov length scale is used to characterize the smallest size of 
eddies of which the kinetic energy eventually changes into heat. The definition 
of the Kolmogorov length scale is as follow:  
 
𝐿𝐿𝜂𝜂 = �𝜈𝜈3𝜖𝜖 �14 Eq. (A.15) 
 
where ν is the kinematic viscosity, and ε is the rate of the kinetic energy 
dissipation per unit mass in a turbulent flow. And the Kolmogorov time scale 
is defined as: 
 
𝜂𝜂 = �𝜈𝜈
𝜖𝜖
�
1
2 
Eq. (A.16) 
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As mentioned in Law’s research (2006b), where the integral length scale Li is 
used in the calculation of the turbulent Reynolds number Ret in Eq.(A.7). And 
the relationship between the integral length scale Li, Taylor length scale 𝐿𝐿𝜆𝜆, 
and Kolmogorov length scale 𝐿𝐿𝜂𝜂  can be represented, with the use of the 
turbulent Reynolds number: see Eq. (A.17) and Eq. (A.18). 
 
𝐿𝐿𝜆𝜆 = 𝐿𝐿𝑠𝑠
𝑅𝑅𝐿𝐿𝑎𝑎
1
2
 Eq. (A.17) 
 
𝐿𝐿𝜂𝜂 = 𝐿𝐿𝑠𝑠
𝑅𝑅𝐿𝐿𝑎𝑎
3
4
 Eq. (A.18) 
 
The characteristics of turbulence and the various equations that are 
mentioned so far are fundamental notions and knowledge in understanding 
turbulent premixed flame. Especially, the characteristics of turbulent premixed 
flame depend on the magnitude of turbulent intensity, the morphology of the 
flames, and these characteristics vary continuously as flames developing. 
The significant efforts have been made for the past decades to prescribe the 
types of the turbulent premixed flame. The diagram showing the different 
types of turbulent premixed flame was first presented by Borghi et al. (1998). 
The Borghi combustion regime diagram was plotted with the two 
dimensionless numbers, which are the velocity ratio and length scale ratio. 
Two dimensionless numbers, Damköhler number and Karlovitz number, are 
used in classifying the different types of turbulent premixed flame. 
The Damköhler number 𝐷𝐷𝐸𝐸 is defined as the ratio of the characteristic time 
during which a large eddy sustains in turbulent premixed flame to the chemical 
characteristic time which is related to the unperturbed laminar premixed flame un. 
 
𝐷𝐷𝐸𝐸 = 𝜏𝜏𝑠𝑠
𝜏𝜏𝑑𝑑
= 𝐿𝐿𝑠𝑠
𝛿𝛿𝑙𝑙
𝑢𝑢𝑑𝑑
𝑢𝑢′
 Eq. (A.19) 
 
𝜏𝜏𝑠𝑠 = 𝐿𝐿𝑠𝑠𝑢𝑢′ Eq. (A.20) 
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𝜏𝜏𝑑𝑑 = 𝛿𝛿𝑙𝑙𝑢𝑢𝑑𝑑 Eq. (A.21) 
 
Where Eq. (A.19), Eq.(A.20), and Eq. (A.21), 𝜏𝜏𝑠𝑠 indicates the characteristic 
time while a large eddy maintains in turbulent premixed flame, which is related 
to the integral length scale Li. 𝑢𝑢′  is the fluctuating velocity. 𝜏𝜏𝑑𝑑  means the 
chemical characteristic time, and 𝛿𝛿𝑙𝑙  is the thickness of the unperturbed 
laminar premixed flame 𝑢𝑢𝑑𝑑.  
In relation to the thickness 𝛿𝛿𝑙𝑙 , the calculation of the unperturbed laminar 
premixed flame speed is made possible because the laminar premixed flame 
depends only on the thermal or molecular diffusivity of a combustible mixture 
under the aforementioned assumption in Sec. 2.1. And the thickness and the 
position of the flame would keep the same if the unburned gas proceeds 
towards the flame front at the same speed as the laminar flame speed. 
Karlovitz number is defined as the ratio of the chemical characteristic time in 
the laminar premixed flame to the characteristic time of the smallest eddy 
which is dealt with in the definition of Kolmogorov length time scale. This 
number is a kind of the reciprocal number of Damköhler number, and the focus 
is put on the effect of the smallest size of eddy in turbulent premixed flame. 
 
𝐾𝐾𝐸𝐸 = 𝜏𝜏𝑑𝑑
𝜏𝜏𝜂𝜂
= 𝛿𝛿𝑙𝑙
𝐿𝐿𝜂𝜂
𝑢𝑢′
𝑢𝑢𝑑𝑑
 Eq. (A.22) 
 
𝜏𝜏𝜂𝜂 = 𝐿𝐿𝜂𝜂𝑢𝑢′  Eq. (A.23) 
 
Where Eq. (A.22) and Eq. (A.23), 𝜏𝜏𝜂𝜂  is the characteristic time while the 
smallest eddy in turbulent premixed flame sustains, and 𝐿𝐿𝜂𝜂  is Kolmogorov 
length scale. 
Figure A.3 illustrates the different types of premixed flame. The x-axis 
represents the ratio of a length scale 𝐿𝐿𝑎𝑎 to the thickness of the unperturbed 
laminar premixed flame 𝛿𝛿𝑙𝑙. And the y-axis indicates the ratio of the fluctuating 
velocity in turbulent flame 𝑢𝑢′ to the laminar premixed flame speed 𝑢𝑢𝑑𝑑 . 
Describing the types of flame in the figure: 
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 Ret ≤ 1 : In this regime, laminar flame or weak turbulent flame are 
observed. The surface of the flame is smooth, or a small size of 
wrinkles can be found on it. 
 
 
 
Figure A.3 Laminar and turbulent premixed combustion regime diagram 
(Borghi et al. 1998, Abdel-Gayed et al. 1989) 
 
 Ka < 1: wrinkled or corrugated flamelet regime. Depending on the ratio 
of the fluctuating velocity u’ to the laminar premixed flame speed un in 
the y-axis, the regime can be subdivided.  
 
- Where u’/un < 1, a small size of turbulent eddies make the flame 
surface wrinkled though, the magnitude is not much and the 
laminar burning velocity is dominant over the turbulent 
fluctuation.  
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- Where u’/un > 1, a relatively larger size of turbulent eddies make 
the flame surface wrinkled and curved than those at u’/un < 1. 
In the areas of the unburned gas or combustion product near the 
flamelet, some pockets can be observed. 
 
 1 < Ka < 100: thick-wrinkled regime. Compared with the thickness of 
the laminar flame, the size of the smallest turbulent eddies is small. 
Although the turbulent eddies are enough to penetrate into the flame 
zone, it is hard for them to infiltrate into the reaction zone. 
 
 Ka > 100: thickened flame regime. In this regime. Since the size of the 
smallest turbulent eddies is smaller than the thickness of the reaction 
zone, the chemical reaction is affected. It is difficult for the flame 
structure to sustain, and the extinction in a local area can take place. 
 
The red-dotted area in Figure A.3 is the combustion regime where cellular 
flame can be observed. The experimental equipment of the current research 
was configured to make the desirable combustion condition. In order to 
minimize the occurrence of a turbulence flow inside the cylinder of the 
research engine, the undesirable components of the cylinder head were 
removed. On top of it, the directions of the intake ports were diametrically 
opposite to each other, and the shape of the piston crown was flat. The 
detailed description is presented in Chapter 3. 
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B. Calibration of flowmeters in the fuel and air supply system 
In order to make sure that an accurate amount of fuel was supplied for the 
combustion chamber, the calibration for the flowmeters was done before 
experiment. Brooks thermal mass flowmeter, of which the type is 5863E, was 
adopted as a reference flowmeter. 
 
𝜌𝜌𝑟𝑟𝑖𝑖𝑓𝑓2 = 𝜌𝜌𝑟𝑟𝑖𝑖𝑓𝑓1 × 𝑐𝑐𝑟𝑟𝑉𝑉𝑣𝑣𝐿𝐿𝑑𝑑𝑠𝑠𝐸𝐸𝑟𝑟𝑉𝑉 𝑓𝑓𝐸𝐸𝑐𝑐𝑡𝑡𝑟𝑟𝑑𝑑 𝑟𝑟𝑓𝑓 𝑓𝑓𝑢𝑢𝐿𝐿𝐸𝐸𝑐𝑐𝑟𝑟𝑉𝑉𝑣𝑣𝐿𝐿𝑑𝑑𝑠𝑠𝐸𝐸𝑟𝑟𝑉𝑉 𝑓𝑓𝐸𝐸𝑐𝑐𝑡𝑡𝑟𝑟𝑑𝑑 𝑟𝑟𝑓𝑓 𝑑𝑑𝐿𝐿𝑓𝑓𝐿𝐿𝑑𝑑𝐿𝐿𝑉𝑉𝑐𝑐𝐿𝐿 𝑔𝑔𝐸𝐸𝑠𝑠  [𝑚𝑚𝐸𝐸/𝑚𝑚𝐸𝐸𝑉𝑉] Eq. (B.1) 
 
𝜌𝜌𝑟𝑟𝑖𝑖𝑓𝑓3 = 𝜌𝜌𝑟𝑟𝑖𝑖𝑓𝑓2 × 𝑃𝑃𝑟𝑟𝑖𝑖𝑓𝑓2𝑇𝑇𝑟𝑟𝑖𝑖𝑓𝑓3𝑃𝑃𝑟𝑟𝑖𝑖𝑓𝑓3𝑇𝑇𝑟𝑟𝑖𝑖𝑓𝑓2  [𝑚𝑚𝐸𝐸/𝑚𝑚𝐸𝐸𝑉𝑉] Eq. (B.2) 
 
𝜌𝜌𝑟𝑟𝑎𝑎𝑚𝑚2 = 𝜌𝜌𝑟𝑟𝑎𝑎𝑚𝑚1 × 𝑐𝑐𝑟𝑟𝑑𝑑𝑑𝑑𝐿𝐿𝑐𝑐𝑡𝑡𝐸𝐸𝑟𝑟𝑉𝑉 𝑓𝑓𝐸𝐸𝑐𝑐𝑡𝑡𝑟𝑟𝑑𝑑 [𝑚𝑚𝐸𝐸/𝑚𝑚𝐸𝐸𝑉𝑉] Eq. (B.3) 
 
𝜌𝜌𝑟𝑟𝑎𝑎𝑚𝑚3 = 𝜌𝜌𝑟𝑟𝑎𝑎𝑚𝑚2 × 𝑃𝑃𝑟𝑟𝑎𝑎𝑚𝑚2𝑇𝑇𝑟𝑟𝑎𝑎𝑚𝑚3𝑃𝑃𝑟𝑟𝑎𝑎𝑚𝑚3𝑇𝑇𝑟𝑟𝑎𝑎𝑚𝑚2  [𝑚𝑚𝐸𝐸/𝑚𝑚𝐸𝐸𝑉𝑉] Eq. (B.4) 
𝜌𝜌: flow rate 𝑃𝑃: pressure 𝑇𝑇: temperature 
𝑑𝑑𝐿𝐿𝑓𝑓: reference 𝑑𝑑𝑡𝑡𝑚𝑚: rotameter  
 
Eq. (B.2) and Eq. (B.4) show the way of calculating the flow rates of the 
reference flowmeter and rotameters in the calibration condition of this 
research respectively. In the case of the reference flowmeter, the flow rate Qref1 and gas conversion factor data in the standard condition, i.e. 101325 Pa 
and 273.15 K, were provided by the manufacturer: refer to Table B.2 and 
Table B.3. Considering the calibration condition of this research, which is 
294.15 K and 201325 Pa, the flow rate of the reference flowmeter Qref3 was 
calculated applying Boyle’s and Charles’s law: the relevant equation is Eq. 
(B.2). 
As seen in Eq. (B.3) and Eq. (B.4), the calculation of the flow rate of the 
rotameter in the calibration condition of this research is similar to that of the 
reference flowmeter. The air flow rate data of the rotameter Qrtm1 in the 
calibration condition, 101325 Pa and 294.15 K, were provided by the 
manufacturer, and then the correction factors of hydrogen, methane, and 
propane were calculated. 
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Figure B.1 A schematic diagram of the taper tube inside a rotameter 
 
Figure B.1 shows a schematic diagram of a float and tapered tube in a 
rotameter. Assuming the velocity of the fluid passing through the area 
between the float and the wall of the tapered tube is constant, the annular 
area increases as the float rises (Wilson, Elias et al. 1980, Furness 1989). The 
force balance on the float between the downward force by the float weight and 
the force of the upwardly flowing fluid is represented in Eq. (B.5). 
 
𝐹𝐹𝐸𝐸𝑟𝑟𝐸𝐸𝑡𝑡 𝑤𝑤𝐿𝐿𝐸𝐸𝑔𝑔ℎ𝑡𝑡 = 𝐷𝐷𝑑𝑑𝐸𝐸𝑔𝑔 + 𝐵𝐵𝑢𝑢𝑟𝑟𝑦𝑦𝐸𝐸𝑉𝑉𝑐𝑐𝑦𝑦  
𝑉𝑉𝑎𝑎𝜌𝜌𝑎𝑎𝑔𝑔 = 𝑘𝑘𝑑𝑑𝜌𝜌𝑓𝑓𝑈𝑈2 + 𝑉𝑉𝑎𝑎𝜌𝜌𝑓𝑓𝑔𝑔 Eq. (B.5) 
 
𝑈𝑈 = 𝜌𝜌
𝐴𝐴
 Eq. (B.6) 
 
𝑈𝑈 = 𝜌𝜌
𝑘𝑘ℎ
= 𝑘𝑘1 𝜌𝜌ℎ  Eq. (B.7) 
𝑉𝑉𝑎𝑎: float volume 𝜌𝜌𝑎𝑎: float density 𝑔𝑔: gravity of acceleration 
𝑘𝑘𝑑𝑑: drag coefficient 𝜌𝜌𝑓𝑓: fluid density 𝑈𝑈: velocity 
𝜌𝜌: flow rate 𝐴𝐴: area 𝑘𝑘: proportional constant 
𝑘𝑘1: proportional constant 1/ 𝑘𝑘 ℎ: height of float 
 
If the volumetric flow rate rises and the float keeps its vertical position, the 
linear velocity in Eq. (B.6), U, also rise. However, since the terms of the float 
weight and buoyancy do not change and the force balance in Eq. (B.5) must 
maintain at the new flow rate, the float position rises. This means that the 
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annular cross section area between the float and the wall in the tapered tube 
becomes larger which is why this flowmeter is a variable area meter. Hence, 
the linear velocity U is equal to the one at the previous flow rate (Wilson, Elias 
et al. 1980, Baker 2005). The relationship between the annular cross section 
area A and the vertical position of the float is proportional and can be 
represented as Eq. (B.7).  
Substituting Eq. (B.7) into Eq. (B.5) yields 
 
𝑉𝑉𝑎𝑎𝜌𝜌𝑎𝑎𝑔𝑔 = 𝑘𝑘𝑑𝑑𝜌𝜌𝑓𝑓 �𝑘𝑘1 𝜌𝜌ℎ�2 + 𝑉𝑉𝑎𝑎𝜌𝜌𝑓𝑓𝑔𝑔 Eq. (B.8) 
𝑉𝑉𝑎𝑎: float volume 𝜌𝜌𝑎𝑎: float density 𝑔𝑔: gravity of acceleration 
𝑘𝑘𝑑𝑑: drag coefficient 𝜌𝜌𝑓𝑓: fluid density 𝑈𝑈: velocity 
𝑘𝑘1: proportional constant 1/ 𝑘𝑘 𝜌𝜌: flow rate 
ℎ: height of float   
 
Solving Eq. (B.8) for Q, the volumetric flow rate is represented as Eq. (B.9)  
 
𝜌𝜌 = 𝑘𝑘3��𝜌𝜌𝑎𝑎 − 𝜌𝜌𝑓𝑓�𝜌𝜌𝑎𝑎 ℎ Eq. (B.9) 
𝑘𝑘3 = �𝑉𝑉𝑎𝑎𝑔𝑔𝑘𝑘2 ,𝑉𝑉𝐿𝐿𝑤𝑤 𝑐𝑐𝑟𝑟𝑉𝑉𝑠𝑠𝑡𝑡𝐸𝐸𝑉𝑉𝑡𝑡 𝑘𝑘2 = 𝑘𝑘𝑑𝑑𝑘𝑘12,𝑉𝑉𝐿𝐿𝑤𝑤 𝑐𝑐𝑟𝑟𝑉𝑉𝑠𝑠𝑡𝑡𝐸𝐸𝑉𝑉𝑡𝑡  
𝜌𝜌: flow rate 𝜌𝜌𝑎𝑎: float density 𝜌𝜌𝑓𝑓: fluid density 
ℎ: height of float 𝑉𝑉𝑎𝑎: float volume 𝑔𝑔: gravity of acceleration 
𝑘𝑘𝑑𝑑: drag coefficient 𝑘𝑘1: proportional constant 1/ 𝑘𝑘 
 
The volumetric flow rate is proportional to the float height, and the constant k3, 
the float density ρs and the fluid density ρf  are determined by a rotameter type 
and the kind of flowing fluid.  
Substituting Eq. (B.9) into Eq. (B.3) and then solving for the correction factor 
yields 
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𝑐𝑐𝑟𝑟𝑑𝑑𝑑𝑑𝐿𝐿𝑐𝑐𝑡𝑡𝐸𝐸𝑟𝑟𝑉𝑉 𝑓𝑓𝐸𝐸𝑐𝑐𝑡𝑡𝑟𝑟𝑑𝑑 = 𝜌𝜌𝑟𝑟𝑎𝑎𝑚𝑚2
𝜌𝜌𝑟𝑟𝑎𝑎𝑚𝑚1
= �𝑘𝑘3�
�𝜌𝜌𝑎𝑎 − 𝜌𝜌𝑎𝑎𝑟𝑟𝑎𝑎𝑠𝑠𝑎𝑎𝑟𝑟𝑎𝑎𝑟𝑟𝑑𝑑 𝑔𝑔𝑎𝑎𝑎𝑎�
𝜌𝜌𝑎𝑎𝑟𝑟𝑎𝑎𝑠𝑠𝑎𝑎𝑟𝑟𝑎𝑎𝑟𝑟𝑑𝑑 𝑔𝑔𝑎𝑎𝑎𝑎 ℎ�
𝑟𝑟𝑎𝑎𝑚𝑚2
�𝑘𝑘3�
�𝜌𝜌𝑎𝑎 − 𝜌𝜌𝑑𝑑𝑎𝑎𝑙𝑙𝑠𝑠𝑎𝑎𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝑑𝑑 𝑔𝑔𝑎𝑎𝑎𝑎�
𝜌𝜌𝑑𝑑𝑎𝑎𝑙𝑙𝑠𝑠𝑎𝑎𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝑑𝑑 𝑔𝑔𝑎𝑎𝑎𝑎 ℎ�
𝑟𝑟𝑎𝑎𝑚𝑚1
 Eq. (B.10) 
𝜌𝜌: flow rate 𝑘𝑘3: new constant 𝜌𝜌𝑎𝑎: float density 
𝜌𝜌𝑎𝑎𝑟𝑟𝑎𝑎𝑠𝑠𝑎𝑎𝑟𝑟𝑎𝑎𝑟𝑟𝑑𝑑 𝑔𝑔𝑎𝑎𝑎𝑎: arbitrary gas density ℎ: height of float 
𝜌𝜌𝑑𝑑𝑎𝑎𝑙𝑙𝑠𝑠𝑎𝑎𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝑑𝑑 𝑔𝑔𝑎𝑎𝑎𝑎: calibrated gas density  
 
The arbitrary gas in Eq. (B.10) is one of three gaseous fuels that were used in 
this experiment, and the calibrated gas was air. As shown in Table 3.2 and 
Table B.1, since the densities of three gaseous fuels and air are too small 
compared with the float density, Eq. (B.10) can be rearranged. 
 
𝑐𝑐𝑟𝑟𝑑𝑑𝑑𝑑𝐿𝐿𝑐𝑐𝑡𝑡𝐸𝐸𝑟𝑟𝑉𝑉 𝑓𝑓𝐸𝐸𝑐𝑐𝑡𝑡𝑟𝑟𝑑𝑑 = �𝑘𝑘3� 𝜌𝜌𝑎𝑎𝜌𝜌𝑎𝑎𝑟𝑟𝑎𝑎𝑠𝑠𝑎𝑎𝑟𝑟𝑎𝑎𝑟𝑟𝑑𝑑 𝑔𝑔𝑎𝑎𝑎𝑎 ℎ�𝑟𝑟𝑎𝑎𝑚𝑚2
�𝑘𝑘3�
𝜌𝜌𝑎𝑎
𝜌𝜌𝑑𝑑𝑎𝑎𝑙𝑙𝑠𝑠𝑎𝑎𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝑑𝑑 𝑔𝑔𝑎𝑎𝑎𝑎 ℎ�
𝑟𝑟𝑎𝑎𝑚𝑚1
= �𝜌𝜌𝑑𝑑𝑎𝑎𝑙𝑙𝑠𝑠𝑎𝑎𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝑑𝑑 𝑔𝑔𝑎𝑎𝑎𝑎𝜌𝜌𝑎𝑎𝑟𝑟𝑎𝑎𝑠𝑠𝑎𝑎𝑟𝑟𝑎𝑎𝑟𝑟𝑑𝑑 𝑔𝑔𝑎𝑎𝑎𝑎  Eq. (B.11) 
𝜌𝜌𝑎𝑎𝑟𝑟𝑎𝑎𝑠𝑠𝑎𝑎𝑟𝑟𝑎𝑎𝑟𝑟𝑑𝑑 𝑔𝑔𝑎𝑎𝑎𝑎: arbitrary gas density ℎ: height of float 
𝜌𝜌𝑑𝑑𝑎𝑎𝑙𝑙𝑠𝑠𝑎𝑎𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝑑𝑑 𝑔𝑔𝑎𝑎𝑎𝑎: calibrated gas density  
 
It is assumed that the gases obey the ideal gas law, and substituting Eq. (B.12) 
into Eq. (B.11) yields Eq. (B.13). 
 
𝜌𝜌 = 𝑃𝑃𝑃𝑃
𝑅𝑅𝑇𝑇
 ∵ 𝑃𝑃𝑉𝑉 = 𝑉𝑉𝑅𝑅𝑇𝑇,𝑃𝑃 = 𝑚𝑚
𝑉𝑉
 Eq. (B.12) 
 
𝑐𝑐𝑟𝑟𝑑𝑑𝑑𝑑𝐿𝐿𝑐𝑐𝑡𝑡𝐸𝐸𝑟𝑟𝑉𝑉 𝑓𝑓𝐸𝐸𝑐𝑐𝑡𝑡𝑟𝑟𝑑𝑑 = �𝑃𝑃𝑑𝑑𝑎𝑎𝑙𝑙𝑠𝑠𝑎𝑎𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝑑𝑑 𝑔𝑔𝑎𝑎𝑎𝑎𝑃𝑃𝑑𝑑𝑎𝑎𝑙𝑙𝑠𝑠𝑎𝑎𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝑑𝑑 𝑔𝑔𝑎𝑎𝑎𝑎𝑇𝑇𝑎𝑎𝑟𝑟𝑎𝑎𝑠𝑠𝑎𝑎𝑟𝑟𝑎𝑎𝑟𝑟𝑑𝑑 𝑔𝑔𝑎𝑎𝑎𝑎
𝑃𝑃𝑎𝑎𝑟𝑟𝑎𝑎𝑠𝑠𝑎𝑎𝑟𝑟𝑎𝑎𝑟𝑟𝑑𝑑 𝑔𝑔𝑎𝑎𝑎𝑎𝑃𝑃𝑎𝑎𝑟𝑟𝑎𝑎𝑠𝑠𝑎𝑎𝑟𝑟𝑎𝑎𝑟𝑟𝑑𝑑 𝑔𝑔𝑎𝑎𝑎𝑎𝑇𝑇𝑑𝑑𝑎𝑎𝑙𝑙𝑠𝑠𝑎𝑎𝑟𝑟𝑎𝑎𝑎𝑎𝑖𝑖𝑑𝑑 𝑔𝑔𝑎𝑎𝑎𝑎  Eq. (B.13) 
𝜌𝜌: density 𝑃𝑃: pressure 𝑇𝑇: temperature 
𝑃𝑃: molecular weight per mole 𝑉𝑉: amount of gas 
𝑅𝑅: universal gas constant 𝑚𝑚: molecular weight 
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Table B.4 shows the correction factors of three gaseous fuels that were 
applied to the current research. Considering the pressure and temperature 
condition when the calibration was done, which was 201325 Pa and 294.15 
K, the flow rate of the rotameter Qrtm3 was achieved, applying Boyle’s and 
Charles’s law.  
From Figure B.2 to Figure B.4 shows the result of the calibration. As seen in 
the figures, the overall performance of the rotameter were in good condition. 
Especially, the rotameter curves are linear in the range where the experiment 
was carried out. However, the accuracy is somewhat low in the range where 
the flow rate is small or reaches their maximum capacities. The difference 
between the diameters of the inlet and outlet of the rotameter tube and the 
diameters of the pipes connected to it can cause this error. In this research, 
the experiment was not carried out in the range. 
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Figure B.2 Rotameter calibration result of H2  
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Figure B.3 Rotameter calibration result for CH4  
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Figure B.4 Rotameter calibration result for C3H8  
 
 
 - 244 - 
 
Table B.1 Specification of rotameters (OMEGA 2016) 
Type 
Capacity 
at air 
[ml/min] 
Tube length 
[mm] 
Float 
material 
Float density 
[kg/m3] 
FL-3804G 2313 150 Glass 2530 
FL-3804ST 4562 150 Stainless steel 8040 
 
Table B.2 Temperature and pressure conditions with regard to the flow 
rates of the reference flowmeter and rotameter used in this research 
Reference  
flowmeter 
flow rate 
Pressure 
temperature 
condition 
Rotameter 
flow rate 
Pressure 
temperature 
condition 
[ml/min] [Pa] [K] [ml/min] [Pa] [K] Qref1 101325 273.15 Qrtm1 101325 294.15 Qref2 101325 273.15 Qrtm2 101325 294.15 Qref3 201325 294.15 Qrtm3 201325 294.15 
 
Table B.3 Conversion factors of fuel gases in the reference flowmeter 
(Brooks Instrument 1992) 
Fuel gas Conversion factor 
H2 1.010 
CH4 0.810 
C3H8 0.394 
Air 1.000 
Reference condition: 101325 Pa, 273.15 K 
 
Table B.4 Correction factors of hydrogen, methane, and propane in the 
rotameter 
Fuel gas Correction factor 
H2 0.264 
CH4 0.744 
C3H8 1.234 
Reference condition: 101325 Pa, 294.15 K 
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The calibrations of three thermal mass flowmeters that were installed in the 
main air supply pipeline and seeding system were also carried out. The 
reference flowmeter was Brooks 5863E thermal mass flowmeter, which is the 
same as the one that was used for the calibration of the rotameters in the fuel 
supply system. Unlike the case of the rotameter calibration, since the fluid to 
be calibrated was air and all the flowmeters were displayed in SLPM, the use 
of conversion factors and the calculation of correction factors were not 
required. 
Figure B.5 and Figure B.6 show the calibration results of the flowmeters that 
were used in the sub-pipelines. The difference between the flow rates of the 
reference flowmeter and the target flowmeters were very small, and it was 
confirmed that the HFM-301 flowmeters were accurate enough to measure 
the air flow rate. Figure B.7 shows the calibration result of the flowmeter that 
was employed in the seeding system. It was also confirmed that the flow rate 
was in very good agreement with that of the reference flowmeter. 
 
 
Figure B.5 Calibration result of the first HFM-301 flowmeter used in the 
air supply line 
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Figure B.6 Calibration result of the second HFM-301 flowmeter used in 
the air supply line 
 
 
 
Figure B.7 Calibration result of the Brooks 5863S flowmeter used in 
seeding system 
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C. Calibration of pressure transducers 
 
Figure C.1 A schematic diagram of the Budenberg dead weight tester: 
the figure is modified from the instruction manual (Budenberg 2010) 
 
Figure C.1 shows a schematic diagram of the dead weight tester. The working 
fluid which is used in the dead weight tester was a typical hydraulic oil. After 
air that may be trapped in the hydraulic pipeline is removed by opening Valve 
A, B, and C, a desirable weight is put on the piston-cylinder unit after closing 
Valve C, and then the hand pump is operated to give pressure to the hydraulic 
oil until the piston-cylinder unit with the desirable weight is lifted up. By 
opening Valve C, the hydraulic oil pressure is supplied to pressure the 
transducer, and then the pressure is released opening Valve A and B. The 
more detailed information on how to operate the dead weight tester can be 
read in the manufacturer instruction manual (Budenberg 2010). 
In order to display and store an electrical signal which a pressure transducer 
provides, the LabVIEW script was developed by the author, using a National 
Instruments 6110 analogue PCI card. An analogue signal that is generated by 
a pressure transducer with an amplifier is transmitted to a port of the analogue 
PCI card, and then is converted in a digital form. Through the script, the 
electrical signals that the absolute and dynamic pressure transducers 
generated during the calibration could be displayed: refer to Figure C.2 
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Figure C.2 LabVIEW script for the calibration of the absolute and 
dynamic transducers 
 
Using the dead weight tester and the LabVIEW script above, the calibration of 
both transducers were carried out regularly. According to the studies carried 
out by Kuratle and Marki, and Rosseel, Sierens et al. (1992, 1999), pressure 
transducers can drift from their initial performance curve as they are exposed 
to high pressure and temperature continuously. Hence, it was essential to 
check the performance of the absolute and dynamic pressure transducer 
before experiment. 
Figure C.3 and Figure C.4 show the results of the calibration. Through the 
calibration, the performances of both pressure transducers such as their 
linearity and hysteresis could be checked. It was confirmed that both of them 
were in good condition. The accuracy of the absolute and dynamic pressure 
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transducer in their operation ranges in the experiment, 0-5 and 0-100 bar, was 
±1.5 and 2% respectively.  
 
 
Figure C.3 Result of the calibration of the absolute pressure transducer 
 
 
Figure C.4 Result of the calibration of the dynamic pressure transducer 
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D. Derivation of curvature 
 
 
Figure D.1 A schematic diagram for the derivation of curvature 
 
Assuming that the line C is dependent on time t, that is, C(x,y), x=x(t), y=y(t), 
the following derivation can be done. 
 
𝑂𝑂𝑃𝑃���� = 𝑑𝑑 
 
𝐶𝐶𝑢𝑢𝑑𝑑𝑣𝑣𝐸𝐸𝑡𝑡𝑢𝑢𝑑𝑑𝐿𝐿 =  1
𝑑𝑑
 
 
𝑑𝑑 = � lim
𝐸𝐸→𝑄𝑄
∆𝑃𝑃𝜌𝜌
∆𝜃𝜃
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𝜃𝜃→0
𝑠𝑠
𝜃𝜃
� = �𝑑𝑑𝑠𝑠
𝑑𝑑𝜃𝜃
� 
 
𝑑𝑑 = �𝑑𝑑𝑠𝑠
𝑑𝑑𝜃𝜃
� = �𝑑𝑑𝑠𝑠
𝑑𝑑𝑡𝑡
𝑑𝑑𝑡𝑡
𝑑𝑑𝜃𝜃
� 
 
𝑑𝑑𝑠𝑠
𝑑𝑑𝑡𝑡
𝑑𝑑𝑡𝑡
𝑑𝑑𝜃𝜃
= ��𝑑𝑑𝑥𝑥
𝑑𝑑𝑡𝑡
�
2 + �𝑑𝑑𝑦𝑦
𝑑𝑑𝑡𝑡
�
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𝑑𝑑𝑡𝑡2  𝑑𝑑𝑥𝑥𝑑𝑑𝑡𝑡  − 𝑑𝑑2𝑥𝑥𝑑𝑑𝑡𝑡2  𝑑𝑑𝑦𝑦𝑑𝑑𝑡𝑡  
Osculating circle at point P 
Line C 
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 1
𝑑𝑑
= 𝑑𝑑2𝑦𝑦𝑑𝑑𝑡𝑡2 𝑑𝑑𝑥𝑥𝑑𝑑𝑡𝑡 − 𝑑𝑑2𝑥𝑥𝑑𝑑𝑡𝑡2 𝑑𝑑𝑦𝑦𝑑𝑑𝑡𝑡
��
𝑑𝑑𝑥𝑥
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